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Abstrat

The STAR experiment investigates the formation of the Quark Gluon Plasma via the

heavy ion ollisions taking plae at the Relativisti Heavy Ion Collider (RHIC) situated

at Brookhaven National Laboratory (BNL), Upton, NY. The prodution of harm

quark (in cc̄ pairs) ours in the early stages of the heavy ion ollisions dominantly

via gluon fusion gg → cc̄. Due to the fat that the yield of harm is a�eted by the

onditions of the early stages of the ollision, the measurement of the harm prodution

provides a useful tool for desription of the initial stage that took plae. One of

the most important �ndings of the experiments at RHIC was the disovery of the

anomalous quenhing of jets when passing through the hot and dense matter build in

nuleus nuleus ollisions. Heavy quarks (harm C and beauty B together) measured

through non photoni eletron yields in heavy ion reations at
√

snn = 200 GeV at

RHIC, exhibit a larger suppression than expeted from the theoretial onsiderations.

In order to omprehend this puzzle and understand better the �avor dependene of

the jet quenhing, the separation of harm and beauty ontributions as well as the

measurement of their quenhing is neessary. In the urrent work we investigate the

D0 yield in various datasets (Cu+Cu, Au+Au, d+Au and p+p) at
√

snn = 200 GeV.
For the Cu+Cu and Au+Au (run VII) for whih the silion strip detetor of STAR

has been used for data taking, a mirovertexing tehnique was applied in the analysis,

allowing the topologial reonstrution of the D0 harmed meson through its seondary

vertex reonstrution. The Silion Strip Detetor (SSD) was �rst deployed in the year

2005 during the Cu+Cu at
√

snn = 200 GeV ollisions, allowing the enhanement of

the traking apabilities by providing a onnetion between reonstruted traks in

the TPC and SVT (Silion Vertex Traker) points. It was observed that the detetor

loses a signi�ant perentage of hits of the traks reorded by the TPC. As a result

the overall traking reonstrution e�ieny drops. A novel luster �nder method is

proposed as a tehnial part of this thesis by looking for lusters independently on

the p and n sides of the SSD. This study was performed on data taken from run VII.

The new developments ahieved in this thesis onern the suessful appliation of

the mirovertexing tehniques in the heavy ion environment, the extration of the D0

signal in the heavy ion ollisions using these tehniques through the study of e�D0

orrelations in p+p, Cu+Cu and Au+Au ollisions.
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Outline

In Chapter 1, (p. 1), we present a brief introdution to the theory of nulear inter-

ations, the theoretial preditions for the existene of the Quark Gluon Plasma, and

the experimental observables of heavy-ion ollisions. An introdution to to the Heavy

Flavor Physis is also presented, along with the theoretial motivation for the e�D0

azimuthal orrelations. In the latter method expliation, it is also desribed how the

experimental disentaglement of the ontribution of harm and beauty during heavy ion

ollisions, is attained.

In Chapter 2, (p. 23) we arry on with a desription of the experimental apparatus,

namely the relativisti heavy ion ollider (RHIC), along with the four experimental

areas: PHOBOS, PHENIX, BRAHMS and STAR. The latter will be thoroughly pre-

sented and the various subsystems along with the future upgrades will be disussed as

well. A short desription of the Silion Strip Detetor (SSD) is also given along with

its important role in the amelioration of the traking of STAR.

In Chapter 3, (p. 61) we desribe the analysis methodology that is applied on

to the various datasets. In partiular, the general appliable event uts as well as

the Quality Assurane (QA) uts applied to the traks, are also disussed. The D0

invariant mass reonstrution method is presented, and the various tehniques for the

bakground subtration are also disussed.

In Chapter 4, (p. 83) we desribe the mirovertexing tehnique that is applied in

the Cu+Cu and Au+Au datasets, exploiting the better traking apabilities o�ered by

the STAR Silion Detetors (SVT and SSD).

In Chapter 5, (p. 97) a Monte Carlo study on the mirovertexing tehnique is

presented, allowing to perform a test on the ode onerning the funtionality and QA.

In the �nal setions of the Chapter 5, a omparison is being presented, between data

(Cu+Cu at
√

snn = 200 GeV) and MC having as a goal the optimization of uts that

will be used for the topologial reonstrution of the D0.

Having taken into aount the values of the optimized mirovertexing uts extrated

by the analysis disussed in Chapter 4, the results on the Cu+Cu dataset are presented

in Chapter 6, (p. 147).

We ontinue in Chapter 7 (p. 159) by presenting the results in the p+p dataset

at
√

s = 200 GeV(run VI). In addition, in Chapter 8 (p. 165) we disuss the results
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of Au+Au dataset at
√

snn = 200 GeV (run VII), obtained with the e�D0 orrelation

tehnique as well as by applying the mirovertexing tehnique.

Finally in Chapter 9 (p. 171) we disuss the results in the p+p and d+Au dataset at√
s = 200 GeV of the year 2008. Conerning the tehnial part of the work, in Chap-

ter 10, (p. 179) it is presented a new luster �nder method for the Silion Strip Detetor.

It is also disussed the urrent luster �nder, and a omparison between these two meth-

ods is performed. The data used for this study is from Au+Au at
√

snn = 200 GeV (run

VII). A onlusion of the work is drawn in Chapter 11 (p. 187), summarizing the results

and the main aspets of the work.



Chapter 1
Theoretial Introdution

The main fous of the urrent hapter is the theoretial introdution on the nulear strong

fore along with the theoretial preditions for the existene of the Quark-Gluon Plasma.

Some elements of the observable variables that are used in the experimental nulear physis

are also presented. The last paragraphs of the hapter are dediated to the desription of

the harm formation and its important role in the study of the heavy ion ollisions. In the

onlusion of the hapter, it is also presented the theoretial motivation bakground for the

e�D0 azimuthal orrelation analysis.

1.1 Quantum Chromodynamis

Quantum Chromodynamis (QCD) is the theory that desribes the strong interation

exerted among the elementary onstituents of the nulear matter, the quarks. The

fore arriers are alled gluons and the fundamental aspet of this theory is that the

mediators an interat among them, resulting in 3 or 4 gluon interation verties as an

be seen in Figure 1.1. It was the disovery of the ∆++ baryon that led to the introdu-

tion of the olor as a quantum number in order for the wave-funtion of the partile

to be anti-symmetri, obeying to the Fermi-Dira statistis. The spei� baryon has a

total spin of J = 3
2
and an be obtained by ombining 3 spin-up (Ju = 1

2
) u quarks.

Therefore the total spin of the system hene an be written: J = 3
2

(u↑ u↑ u↑). Sine
the wave funtion was symmetri in spae, �avor and spin, the introdution of olor,

solved this problem, sine it was imposed that any permutation in olor results in an

anti-symmetri wavefuntion uR ↑ uG ↑ uB ↑.
A quark (q) an obtain one of the three olors, viz. red, green and blue, (RGB).

The antipartile, denoted by (q̄), an obtain the anti-olors expressed as yan, magenta

and yellow (or anti-red, anti-green and anti-blue R̄ḠB̄). Gluons arry always a pair of

olor and anti-olor. The on�ned states of quarks are alled hadrons and are olorless,

1
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(white) entities, omposed in suh a way of quarks and anti-quarks that the overall olor

ontribution is naught.

Fig. 1.1: Sketh depiting the interation of 3 and 4 gluons, showing the exhange (�ow)

of olor.

1.2 The QCD Lagrangian

The Lagrangian of the QCD is written:

Lqd = i
∑

f

q̄i
fγ

µ(Dµ)ijq
j
f −

∑

f

mf q̄
iqfi −

1

4
Gα

µνG
µν
α (1.1)

with the indies i, j referring to the olor, f to the quark �avor and µ, ν are the Lorentz

indies. Also by q we de�ne the quark spinor �eld of dimension 12 (olor ⊗ Dira).

The ovariant derivative (Dµ)ij, re�eting the loal gauge invariane, is expressed by

the term (Dµ)ij = δij∂µ − igs

∑ λa
ij

2
Aa

µ where λa
ij are the Gell-Mann matries in the

SU(3) �avor representation. Finally the interation between the gluons is desribed by

the term: Gα
µν = ∂µA

α
ν − ∂νA

α
µ + gsfabcA

b
µA

c
ν , where Aa

µ refers to the gluon �eld and

fabc are the fully anti-symmetri, struture onstants. As mentioned above, for eah N

quark �avor there exist three orresponding olors. In other words for every quark it is

assigned a triplet of the SU(3) olor group. Unlike SU(N) �avor symmetry, the SU(3)
olor symmetry is expeted to be onserved. On the other hand the gluons ome in
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32 − 1 = 8 di�erent olors, or else said in a SU(3) olor otet :

RḠ, RB̄, GR̄, GB̄, BR̄, BḠ,
√

1

2
(RR̄−GḠ),

√

1

6
(RR̄ +GḠ− 2BB̄)

Conerning the olor singlet

√

1

3
(RR̄ +GḠ+BB̄)

it annot be the mediator between the olor harges, sine there is no olor than an

be arried.

1.2.1 The Color Fators

The oupling of the interation between two olors via a gluon exhange is
1
2
c1c2, with

c1 and c2 let be the olor oe�ients in the verties of the interation. By onvention

the quantity expressed in (1.2) is alled olor fator.

CF ≡ 1

2
|c1c2| (1.2)

1.3 The Running Coupling Constant

The potential between the two quarks at a distane r an be written in approximation

as (1.3).

V (r) = −4αs

3r
+ kr (1.3)

with αs the strong oupling onstant, and k ∼ 1GeV/fm. The �rst term indiates the

repulsion and dominates at small distanes. The seond term indiates the attration

and beomes signi�ant at large distanes, not allowing the separation of the quarks

at this distane sale, thus talking about quark on�nement. The running oupling

onstant as depends on the Q2, the value of the momentum transfer between partons

Q2 = −(p1 + p2)
2 and is expressed by (1.4).

αs

(

Q2
)

=
αs

(

µ2
)

1 + αs(µ2)
12π

(11n− 2f) ln Q2

µ2

(1.4)

Also let n be the number of olors (3 in the S.M.) and f be the number of �avors

(6 in the S.M.), as stated in Table 1.1. The term αs(µ
2) refers to the sreening and

in spei� α(0) = 1
137

. We also note that there is no restrition on the value of µ,
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as long as as(µ
2) < 1. Evolving all results to the rest energy of the Z0 boson, the

new world average of αs(MZ) is determined from measurements whih are based on

QCD alulations in omplete NNLO perturbation theory, yielding the following value

αs(MZ) = 0.1183 ± 0.0027 [Bethke 03℄.

Fig. 1.2: Running oupling onstant as a funtion of Q. Figure is taken from [Bethke 03℄.

1.4 The Asymptoti Freedom

At short distanes the strong fore beomes weak and this is the feature, responsible for

the asymptoti freedom. The onsequenes of the asymptoti freedom are the following:

i. In large energies the running oupling onstant is small, thus justi�es the use of

perturbation theory and explains the quasi partoni behavior of quarks and gluons

in large energy sale; and

ii. in large distane where the oupling onstant is not small αs ∼1, the perturbation
theory seizes to be appliable and the infrared (IR) modes beome of ruial im-

portane. Along with the on�nement, the spontaneous hiral symmetry breaking

is also manifested.
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Tab. 1.1: Overview of the three generations of quarks and leptons families, along with the medi-

ators of all fores, exept the gravitational. By qe it is denoted the value of the eletri

harge of the eletron (qe = 1.6 · 10
−19 Cb). Values are taken from [Amsler 08℄.

partile family symbol mass [MeV/c2] eletri harge [|qe|]

first generation

Quarks
u 1.5�4.0 +2/3
d 4.0�8.0 −1/3

Leptons
e− 0.511 −1
ν̄e ≤ 2.2 · 10−6 0

seond generation

Quarks
c 1150�1350 +2/3
s 80�130 −1/3

Leptons
µ− 105.7 −1
ν̄µ ≤ 0.17 0

third generation

Quarks
t 170900 ± 1800 +2/3
b 4100�4400 −1/3

Leptons
τ− 1784.1 −1
ν̄τ ≤ 15.5 0

fore gauge bosons mass [GeV/c2] eletri harge [|qe|]

Strong g (8 gluons) 0 0

Eletromagneti γ (photon) 0 0

Weak
W± 80.3980 ± 0.0250 ±1
Z0 91.1876 ± 0.0021 0
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1.5 The Deon�nement of Quarks

The study of the asymptoti freedom, an be attained with high energy ollisions. At

high density, the quarks and the gluons an be deoupled over a volume, muh larger

than the nuleoni (∼ 1fm3
).

Fig. 1.3: Phase diagram of the nulear matter. Heavy ion ollisions at RHIC are expeted to be

of low baryon hemial potential (µB) and temperature (T ) greater than 170MeV. The

hathed region indiates the urrent expetation for the phase boundary based on lattie

QCD alulations at µB = 0. Figure is taken from [Rajagopal 09℄.

1.6 The QCD Phase Diagram

The phase diagram of the hadroni and partoni matter in terms of temperature T and

baryo-hemial potential µB is presented in Figure 1.3. The hathed region indiates

the urrent expetation for the phase boundary based on lattie QCD alulations for

µB = 0. The high temperature and the low µB region is expeted to be aessible via

heavy ion ollisions. Colliders with various energies (LHC, RHIC, SPS, AGS, and SIS)

an reah di�erent regions in this phase diagram. The QGP matter that an be reated

in the laboratory is believed to have existed in the �rst few miro-seonds after the Big

Bang. The expeted high temperature and minimum baryoni hemial potential of

the early universe when QGP matter was reated is shown in the phase diagram. The

region near the zero temperature and high µB is where the deon�ned high-density

phase is also predited to exist (i.e. in the interior of neutron stars).
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Numerial alulations of lattie QCD an be performed to hek the dependene of

the temperature on the energy density of the system. In a quark gluon plasma phase,

due to the inrease in the number of the degrees of freedom, it is expeted that there will

be a hange in the energy density. Suh a dependene of the energy density ǫ, divided
by T 4 on T = Tc is presented in Figure 1.4. The number of the degrees of freedom

rises steeply for temperatures above the ritial value denoted by Tc, orresponding

to a transition of the system to a state where the quarks and gluons are deon�ned

(f. Setion 1.5). Let us add also that the ritial temperature is predited to be in

the region of 150�190MeV.

Fig. 1.4: Left: The energy density (ǫ) as a funtion of the temperature (T ) saled by T 4 from

lattie QCD alulation. The realisti ase is for N = 2 + 1 �avors. Right: The pressure

(p) as a funtion of temperature (T ) saled by T 4. Note that the pressure is ontinu-

ous in the region where there is a sharp hange in the energy density. Figure is taken

from [Gyulassy 05℄.

1.7 The Physis of the Relativisti Heavy Ion Colli-

sions

Aording to the Bjorken senario [Bjorken 82℄, during a heavy ion ollision the fol-

lowing phases our in a hronologial order, as depited in Figure 1.5. In partiular:

i. Pre-equilibrium state (when formation of the elementary onstituents takes plae).

During this phase, the nuleons pass through eah other and parton-parton inter-

ations our, where a parton is de�ned as a quark or a gluon. Due to high energy

density, the released partons an re-satter multiple times, losing part of their ini-

tial energy in the interation region. A �reball of interating quarks and gluons

expands and the baryon hemial potential (µB) vanishes at mid-rapidity y = 0,
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while the forward and the bakwards regions, y 6= 0, are rih in baryons orre-

sponding to the remnants of the olliding nulei. At this stage the sattering of

hard partons also ours;

ii. Chemial and thermal equilibrium: the nulear matter reahes equilibrium at the

proper time τ0 (just before the QGP formation) through parton re-sattering in

the medium. The energy density obtained in the ollisions at RHIC is above the

ritial value, so when the interating medium is thermalised, the QGP might be

produed;

iii. The QGP phase, evolving aording to the laws of hydrodynamis;

iv. The mixed phase of QGP and the Hadron Gas (HG); and

v. the hadronization and freeze-out. In partiular, the expanding QGP ools down

fast and quikly reahes the transition temperature. It evolves into the phase of

hadron gas, �nally reahing the state known as hemial freeze-out. The resulting

hadroni gas ontinues to expand, ooling down the interation rate between the

hadrons. Then the system evolves to the thermal equilibrium; this state is known

as thermal freeze-out. After this moment, hadrons are able to move freely.

Fig. 1.5: Cartoon depiting the spae-time evolution of Quark Gluon Plasma.
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1.8 The Quark Gluon Plasma

Historially, the term Quark-Gluon plasma was �rst proposed by Shuryak [Shuryak 78℄.

Over the last 20 years many ideas have evolved and a lot of de�nitions have been pre-

sented. We shall restrain to the following one: QGP an be a (loally) thermally

equilibrated state of matter in whih quarks and gluons are deon�ned from hadrons,

so that olor degrees of freedom beome manifest over nulear, rather than merely nu-

leoni, volumes [Adams 05℄. Some theoretial preditions for the existene of QGP

are:

i. Enhanement of strange partile prodution;

ii. J/ψ suppression;

iii. the initial temperature of the medium an be measured from the thermal photons

or di-leptons;

iv. the jet quenhing; and

v. the restoration of the hiral symmetry.

Fig. 1.6: Di-jet fragment azimuthal orrelations in STAR experiment. In d+Au the di-jets remain

unquenhed relative to the mono jet orrelation observed in entral Au+Au ollisions. All

runs are at
√
snn = 200GeV. It is believed that the existene of QGP is responsible for

the reation of the jet quenhing in Au+Au ollisions, whereas in p+p and d+Au, no suh

a state of matter seems to be present. Figure is taken from [Adams 03℄.
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1.8.1 The Jet Quenhing

It was predited that at high momentum, partons lose energy via gluon radiation pass-

ing through the dense QGP matter [Gyulassy 91℄. The latter is alled jet quenhing and

an be studied using the Nulear Modi�ation fator, Setion 1.9. The manifestation

of the quenhing of jets an be interpreted as:

i. Suppression of the yield of high-pt partiles;

ii. the ratio p̄/p an be also quenhed beause of the di�erent energy loss in the

medium of gluons and quarks; and

iii. a orrelation of the impat parameter (Setion 1.10 of the ollision with the jet

quenhing yield. The phenomenon is favored in entral ollisions.

In Figure 1.6 it is presented results of STAR ollaboration [Adams 03℄, denoting the jet

quenhing in Au+Au by the di-jet azimuthal orrelation. The same quantity remains

unquenhed for the p+p and d+Au ollisions at
√
s = 200 GeV as shown in the same

plot.

1.8.2 The Enhanement of Strange Partile Prodution

Proposed by J. Rafelski and B. M�uller in 1982 [Rafelski 82℄ as one of the predition for

the existene of the QGP, is the enhanement of strange hadrons. In partiular inside

the deon�ned QGP medium, the strange quark (s) is saturated by ss̄ pair prodution
in gg → ss̄ and qq̄ → ss̄ (where q = u, d) reations. The energy threshold for the s and
s̄ prodution in QGP is 300 MeV, whih is approximately the mass of the two quarks,

yielding to the prodution of multi-strange baryons and strange antibaryons. Often

the ratio of the yield of K/π is onsidered as the expression in order to quantify the

strangeness enhanement. In other words in the QGP state the strange quarks have

to be thermalised.

1.8.3 The Suppression of J/ψ

The idea was introdued in 1986 by Matsui and Satz [Matsui 86℄ that the harm quark

(c), will be Debye-sreened from its anti-quark c̄, resulting in a J/ψ suppression. The

potential between the quarks, as stated in Setion 1.3, allows the formation of cc̄, har-
monium (J/ψ, ψ′, χc) and bb̄ states alled bottomonium suh as Υ, χb, Υ′, etc.
The NA50 ollaboration [Beole 00℄, announed suh a suppression in the hannel

J/ψ → µ−µ+. Quantitatively the suppression of the J/ψ is measured with respet

to the Drell-Yan muons proess, where the latter proess sales down with the number

of the binary N+N ollisions.
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1.8.4 Photons

The photons an be reated during heavy ion ollisions, as a result of:

i. In the early stages of the ollisions the prompt photons initially are reated by

parton-parton sattering and this phase is ommon both in p+p and in A+A ol-

lisions;

ii. during the QGP phase, photons are emitted as a result of the quarks undergoing

ollisions with other quarks and gluons in the reated medium;

iii. as the system expands and ools, the hadronization takes plae at a temperature

T = 150�200 MeV allowing the sattering of light un�avored mesons suh as the

π, ρ and ω. Also the light neutral mesons ontribute via the deays π0 → 2γ and

η → 3π0 in the spetrum from a few MeV spanning to several GeV; and

iv. �nally through the kineti freeze-out, the resonanes ontribute mostly in the pho-

ton spetrum in the energy domain of some MeV.

Diret photons are an interesting tool to study the possible QGP formation. They are

produed in:

i. q + q̄ → g + γ: quark-antiquark annihilation; and

ii. q + g → q + γ: quark-gluon Compton sattering.

The diret photons do not ome from hadroni deays. Theoretial models predit that

the thermal photons should dominate the diret yield of photons at a low transverse

momentum. As the yield of thermal photons falls o� exponentially with transverse

momentum, the diret photons from the initial hard sattering will dominate the spe-

trum at higher transverse momentum values. Additionally, a ontribution of photons

produed during parton fragmentation is observed. The measurements of thermal pho-

tons an provide information about temperature. Measurements of the prompt photons

allow the study of the jet properties interating with the medium.

The prodution of the prompt photons is represented by the nulear modi�ation

fator (Setion 1.9) with the yields of hadrons in A+A ollisions relative to the saled

referene measured in p+p ollisions. Thus diret photons provide a tool to hek the

binary ollision saling sine their prodution is not a�eted by the medium produed

in the �nal stage of the interation. At RHIC energies it is possible to study diret

photons in Au+Au, d+Au and p+p ollisions. Prompt photons in p+p ollisions

provide an exellent test of QCD formation, while results from d+Au ollisions may

be used to investigate nulear e�ets.
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1.8.5 Di-leptons

Along with photons, the study of leptons is proven to be an interesting tool in order

to dedue the properties of the formation of matter during heavy ion ollisions. Due

to the fat that leptons do not interat strongly with the medium, they exhibit a

similar behavior like photons in terms of prodution stages. In partiular, there exist

prompt di-leptons reated from the hard sattering proesses, as well as thermal ones

emitted from the QGP. Finally during the hemial freeze-out di-leptons are produed

as byproduts of the meson deays.

Resonanes suh as ρ, φ and ω are the main soures for the thermal di-lepton re-

ation below the energy domain of 1.5 GeV. Medium e�ets an broaden the width of the

ρ resonane. In the region ≤ 2 GeV, the semileptoni deays of heavy �avor mesons and

Drell-Yan proesses (qq̄ → l−l+) are favored, produing su�ient di-leptons. For higher

energy sale the di-leptons an also be a result of the deay of J/ψ, ψ′, Υ, Υ′ and Z0.

Fig. 1.7: Upper : LQCD alulations for two dynamial quark �avors showing the oinidene

of the hiral symmetry restoration, marked by the rapid derease of hiral ondensate
〈

ψψ̄
〉

(right frame) and deon�nement (left frame) phase transitions. Lower : The hiral

transition leads toward a mass degeneray of the pion with salar meson masses. All plots

are as a funtion of the bare oupling strength β used in the alulations; inreasing β
orresponds to dereasing lattie spaing and to inreasing temperature. Figure is taken

from [Adams 05℄.
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1.8.6 The Restoration of Chiral Symmetry

The expetation value
〈

ψψ̄
〉

is often alled quark ondensate and gives a desription

of qq̄ pairs found in the QCD vauum. The breaking of the hiral symmetry, involves

the on�ned quarks that do not have zero mass, but rather a few hundreds of MeV,

f. Table 1.1. At high temperature, the quark ondensate tends to vanish, thus talking

about the restoration of hiral symmetry. The phase during whih neither on�nement,

nor hiral symmetry breaking ours, is generally attributed to the presene of QGP.

Using lattie QCD (LQCD) alulations, in order to extrat physially relevant

preditions and to be extrapolated from the disrete ase to the ontinuum (lattie

spaing approahes zero), hiral (atual urrent quark mass) and thermodynami (large

volume) limits, the deon�nement transition may be aompanied by a hiral symmetry

restoration transition, f. Figure 1.7.

1.9 The Nulear Modi�ation Fator

The omparison of the partile spetra measured in Au+Au ollisions and the spetra

in whih the QGP is not present, suh as the d+Au and p+p systems, allows the better

omprehension of the partile prodution mehanisms. A useful tool to ahieve this

omparison is the nulear modi�ation fator as de�ned in (1.5).

Raa (pt) =
d2Naa/dptdη

(〈Noll〉 /σpp)(d2σpp/dptdη)
(1.5)

The yield in nuleus-nuleus ase (A+A) is ontained in the numerator. The denom-

inator ontains a alulation of the Glauber Model, as desribed in Setion 1.10. In

partiular, it sales down to the
d2σpp
dptdη

�for the p+p yield�and for a given entrality,

by the number of binary ollisions 〈Noll〉 in the A+A ase.

1.10 The Glauber Model

In the heavy ion ollisions the values that desribe the geometry of the ollision are:

i. The mean impat parameter 〈b〉, whih is the distane between the enters of the

2 nuleons (f. Figure 1.8);

ii. the mean number of the partiipating nuleons 〈Npart〉, that take part in at least

in one ollision;

iii. the mean number of the binary ollisions 〈Noll〉 sine a nuleon an undergo more

than one ollision; and
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iv. the number of the nuleon-spetators, i.e. the nuleons that did not partiipate in

the ollision, (f. Figure 1.8).

Experimentally we have no diret information about any of the above set of variables,

rather than a measurement of the emitted harged partiles given by the various sub-

detetors. The Glauber model [Glauber 59℄, is a geometrial interpretation of the

ollision of the nulei, allowing the dedution of the above ollisional variables. In

partiular, this model onsiders the ollision of the two nulei in terms of the individual

interations of the onstituent nuleons. The following assumptions are being made:

i. The nuleons' trajetory is a straight line and parallel to the beam axis; and

ii. a nuleus-nuleus (A+A) ollision is onsidered as a superimposition of the subse-

quent nuleon-nuleon (N+N) ollisions.

Furthermore the model onsiders a Woods-Saxon density (1.6) for the spae distribution

ρ(r)h of the nuleons:

ρh(r) =
ρ0

1 + e
r−rc

c

(1.6)

where rc = r0 · A
1

3 . The parameters to be determined are rc and c. Conerning the

onstant ρ0, it is alulated in that way in order to ful�ll (1.7) [Cottingham 01℄.

∫

ρh(r) d
3
r = 4π

∫ ∞

0

ρh(r) r
2dr = Z (1.7)

As an appliation of (1.7), we also note that ρ0, r0 and c are onstants, e.g. in the ase

of the Au nulei, the onstants are r0 = 6.38 fm, c = 0.535 fm yielding ρ0 = 0.169 fm−3
.

b
b

Fig. 1.8: Left : Cartoon depiting a peripheral ollision. Right : Cartoon depiting a entral ol-

lision. In both �gures it is also represented the z-(left) and transverse (right) pro�le of

eah ollision.
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1.11 The Experimental Quantities

In the experimental nulear and partile physis, the phase spae observables of parti-

les emerging from a heavy-ion ollision are the following:

1.11.1 Rapidity

Let us onsider a partile with a 4-momentum given by (1.8)

pµ = (E, px, py, pz) (1.8)

The rapidity y is hene de�ned by (1.9)

y ≡ 1

2
ln

E + pl
E − pl

(1.9)

where pl is the longitudinal momentum (1.10) omponent usually�for onveniene�

onsidered along the beam diretion. Also, the angle of emission is denoted by θ.

pl = p cos θ (1.10)

Under a Lorentz transformation along the beam axis, the value is additive y′ = y + a,
(Appendix A.1). The latter is of extreme importane when omparing ollider to

�xed target experiments. For ollider experiments the enter of the momentum frame

oinides with the laboratory frame (f. Appendix A.4).

1.11.2 Pseudorapidity

The purely experimental value of a partile's trak, sine the exat value of the par-

tile mass remains unknown only until after the partile identi�ation (PID) is alled

pseudorapidity η and is being de�ned as:

η ≡ − ln tan
θ

2
(1.11)

When the momentum of a partile beomes omparable to its energy (p ≈ E), then

the value of pseudo-rapidity is approximately equal to the value of rapidity (η → y),
(f. Appendix A.2). In the mid-rapidity region the distributions of dN/dy and dN/dη
are orrelated with a fator depending on the mass of the partile.
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1.11.3 The Transverse Momentum, Energy and Mass

For a partile with a 4-momentum as in (1.8), the transverse momentum pt is being

de�ned as

pt ≡
√

p2
x + p2

y (1.12)

and is Lorentz invariant under transformations in the z-axis. Sine it originates from

the ollision energy, it o�ers a tool for the study of the ollision dynamis. In a similar

way, the transverse mass is de�ned by (1.13)

m2
t = m2 + p2

t (1.13)

Also the transverse energy Et is given by (1.14).

Et = mcpt (1.14)

Finally a very useful expression is (1.15).

Et = E · sin θ (1.15)

Let us also note that (1.15) will be used later for our analysis, in partiular it will

serve to identify the towers that are above the threshold (f. Table 3.3) in the Barrel

Eletromagneti Calorimeter (BEMC) as it is stated in Setion 2.16.

1.11.4 The Energy Density

The idea is attributed to Bjorken, that in order to explore the QGP we need to know

the energy available (in the order of magnitude of GeV/fm3
) [Bjorken 83℄. In partiu-

lar during the ollisions the nulei due to Lorentz ontration, are fored to re-shape

into diss, in the lab frame. The total kineti energy of the nulei, beomes the initial

onditions for the reation of the medium. The energy density (ǫ), is therefore propor-
tional to the transverse energy Et per rapidity unit as measured in the mid-rapidity

(y = 0) of the enter-of-mass referene frame.

ǫ =
1

Aττ0

· dEt

dy

∣

∣

∣

∣

y=0

(1.16)

The τ0 orresponds to a typial order of magnitude of 1 fm/c, the time neessary for the

the hydrodynami evolution to be established. The Aτ orresponds to the transverse

surfae where the energy was deposited. For a perfetly entral ollision, it an be used

as the surfae of the dis Aτ = π · R2.



1.12 The Physis of Charm 17

1.11.5 Luminosity

The rate R of a physial proess with a ross setion denoted by σ, is given by the:

R = σ · L (1.17)

where L stands for the luminosity, desribed by the formula:

L = f
N1N2

4πσxσy

(1.18)

where f is the frequeny of the ollisions, N1, N2 are the numbers of ions inluded in

eah paket, bunh, of eah beam and the σx, σy are the Gaussian transverse pro�les of

the beams. In Table 2.1, the values of the integrated luminosities of the RHIC for the

operating years 2000�2009 are desribed.

1.12 The Physis of Charm

The prodution of the harm quark (in cc̄ pairs) ours in the early stages of the heavy

ion ollisions dominantly via the gluon fusion gg → cc̄ [Abelev 08℄. Due to the fat

that the yield of harm is a�eted by the onditions of the early stages of the ollision,

the measurement of the harm prodution provides a useful tool for the desription

of the initial stage that took plae. Due to their large mass (m > 1 GeV/c2), the

heavy quarks (harm and bottom) are to be primarily produed by hard sattering

proesses (high momentum transfer) in the early stages of the ollision and, therefore,

are sensitive to the initial gluon density [Lin 95℄. The prodution of the heavy quark

by thermal proesses later in the ollision is low sine the expeted energy available for

partile prodution in the medium (∼ 0.5 GeV/c2) is smaller than the energy needed

to produe a heavy quark pair (> 2.4 GeV/c2). The study of the energy loss of partons

in the hot and dense QCD matter an be performed at RHIC energies. The energy

loss of a heavy quark, is expeted to be lower than that of the light one. This result is

explained beause of the suppression of the gluon radiation at small angles, aording

to the dead one e�et [Dokshitzer 01, Djordjevi 05℄. The prodution of the J/ψ in

nulear ollisions is suppressed due to the Debye sreening of the cc̄ pairs.
The states of the cc̄ suh as the χc and ψ′, as they are more dissoiated, are sup-

pressed even more than the J/ψ. The energy loss of the heavy quark mesons is studied

through the measurements of the pt spetra of their deay eletrons. At high pt, the
mehanism of eletron prodution is dominant enough to reliably subtrat other soures

of eletrons like onversions from photons and π0 Dalitz deays. RHIC measurements

in entral Au+Au ollisions have shown that the high pt yield of eletrons from semilep-

toni harm and bottom deays is suppressed relative to properly saled p+p ollisions,

usually quanti�ed in the nulear modi�ation fator Raa [Abelev 07, Adare 07℄.
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Fig. 1.9: Nulear Modi�ation Fator Raa for the non-photoni eletrons. Figure is taken

from [Bielik 06℄.

The nulear modi�ation fator (Raa), shown in f. Figure 1.9, exhibits an unexpet-

edly similar amount of suppression as observed for light quark hadrons, suggesting sub-

stantial energy loss of heavy quarks in the produed medium. The energy loss models,

inorporating ontributions from harm C and bottom B, do not explain the observed

suppression su�iently [Djordjevi 06, Armesto 06℄. Although it has been realized that

the energy loss by elasti parton sattering ausing ollisional energy loss is probably of

omparable importane to the energy loss by gluon radiation [Wiks 07, van Hess 06℄,

the quantitative desription of the suppression is still not satisfying. Furthermore, it

has been shown that the ollisional dissoiation of heavy meson in the medium may be

signi�ant in heavy-ion ollisions [Adil 07℄.

However, the theoretial models whih inlude energy loss from harm only desribe

the observed suppression reasonably well [Caiari 05℄. The observed disrepany be-

tween the data and the model alulations ould indiate that the dominane over D
mesons starts at higher pt as expeted. Theoretial alulations implying perturbative

QCD (pQCD) have shown that the rossing point where bottom deay eletrons start

to dominate over harm deay eletrons is largely unknown [Caiari 05, Vogt 08℄.

Therefore, the relative ontributions from harm and bottom meson deays to ele-

trons have to be determined separately. In Setion 1.13 it is presented an experimental

disentaglement method of the ontribution of the C and B.
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1.13 The Azimuthal Angular Correlation Method

In Quantum Chromodynamis (QCD), due to the �avor onservation, it is imposed

that the heavy quarks are produed in quark anti-quark pairs (namely cc̄ and bb̄). A

more detailed understanding of the underlying prodution proess may be obtained

from events in whih both heavy-quark partiles are deteted. In addition, due to

momentum onservation, these heavy-quark anti-quarks pairs are orrelated in relative

azimuth (∆φ) in the transverse plane with respet to the olliding beams, leading to

the harateristi bak-to-bak oriented sprays of partiles (di-jet).

Fig. 1.10: Fragmentation of a bb̄ pair (left) and of a cc̄ (right). Figures are taken

from [Mishke 09a℄.

We an onsider the typial deays of cc̄ and bb̄ as they are shown in Figure 1.10.

This di-jet signal appears in the azimuthal orrelation distribution as two distint

bak-to-bak Gaussian-like peaks around ∆φ = 0 (near side) and ∆φ = π (away side),

shown in Figure 1.11. The orrelation in their azimuthal opening angle survives the

fragmentation proess to a large extent in p+p ollisions. Studies exploiting the angular

orrelations of pairs of high pt partiles, have suessfully been performed in order to

investigate on a statistial basis the properties of the produed jets [Arsene 05℄. In the

urrent orrelation method, the harm and the bottom prodution events are identi�ed

using the harateristi deay topology of the jets. In partiular, harm quarks (c)
predominantly hadronize to D0 mesons via (1.19) while bottom quarks produe D0 via

the intermediate B meson deay as in (1.20) [Amsler 08℄.

c → D0 +X, B.R. = 56.5 ± 3.2% (1.19)

b → B−/B̄0/B̄0
s → D0 +X, B.R. = 59.6 ± 2.9% (1.20)
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The branhing ratio for harm and bottom quark deays is given in (1.21)�(1.22).

c → e+ anything, B.R. = 9.60% (1.21)

b → e+ anything, B.R. = 10.86% (1.22)

While triggering on the leading eletron (trigger partile), the balaning heavy quark,

identi�ed by the D0 meson through the hadroni deay (1.23), is used to determine

the underlying prodution mehanism (probe side).

D0 → K−π+, B.R. = 3.89% (1.23)

B → D̄0 +X, B.R. = 59.60% (1.24)

Fig. 1.11: Leading order PYTHIA azimuthal orrelation distribution of non-photoni eletrons and

D0 mesons from harm and bottom ontribution. Left : for like-sign e�K pair. Right :

for unlike-sign e�K pair. Figures are taken from [Mishke 07℄.

A harge sign requirement between the trigger eletrons (e) and the deay kaon (K)

provides a powerful tool in order to separate events originating either from a cc̄ or a bb̄
fragmentation hannel. As an example, in Figure 1.10 it is illustrated a shemati view

of the fragmentation of a bb̄ (left) and a cc̄ pair (right), respetively. The orresponding
azimuthal orrelations (of the e�D0) are shown in Figure 1.11. Assuming that the

trigger lepton is an eletron e− oming from the fragmentation of a c̄ or b quark, the
partner harm quark has to be a c, therefore produing a pair K−π+. The bottom

quark on the opposite side is a b̄ whih produes K+π− pairs via the dominant deay

mode (1.24). However there is another hannel [Amsler 08℄, less probable as stated in

(1.25) yielding adequately K−π+ pairs.

B → D0 +X, B.R. = 9.1% (1.25)

B− → D0 + e− ν̄e (1.26)
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In addition, both semileptoni B deays (1.22) and (1.26) are expeted yielding ad-

equately: e−K− and e+K+ pairs. As a onsequene, the eletron-kaon pairs with

opposite harge sign, alled unlike sign (ULS), an prompt the identi�ation of B de-

ays on the away-side of the azimuthal orrelation distribution between deay eletrons

and D0 mesons. By requiring the like-sign (LS) e�K pairs, it is possible to selet the

bottom ontribution on the near side and harm, as well as a small ontribution from

bottom (∼ 15%) on the away side of the e�D0 orrelation funtion. In Table 1.2, the

∆φ azimuthal orrelation between e and D0 along with the harge demand between

trigger partile (e) and kaon andidate (K), along with the probe side deay (D0 or D̄0)

and the adequate C or B ontribution are summarized. Requiring e�D0 oinidene in

the same event signi�antly improves the signal to bakground ratio over either teh-

nique individually. Moreover, the deay eletrons provide an e�ient trigger for the

heavy-quark prodution events. The shape of the azimuthal orrelation distribution

allows a more di�erential omparison between the harm and bottom ontributions

owing to their di�erent deay kinematis.

Tab. 1.2: Like Sign (LS, marked in blue) and unlike sign (ULS, in red) harge demand for the e�
K pairs and for various ∆φ = φe−φD0 azimuthal orrelations, allowing the experimental

disentaglement of the ontribution of C and B fragmentation hannel. The trigger side

along with the probe deay side for eah ase is also noted. In boldfae it is marked the

dominant ontributing soure (fragmentation hannel).

∆φ :

pair

0
◦

180
◦

trigger probe

LS:
e
−

bottom charm, bottom
K

−π+ (D0)
e

+
K

+π− (D̄0)

ULS:
e
−

n/a bottom, harm
K

+π−

e
+

K
−π+
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Chapter 2
Experimental Aspets

In this hapter a desription of the experimental failities is given, in partiular the Rela-

tivisti Heavy Ion Collider, RHIC, along with the 4 experiments. Emphasis will be put on

STAR experiment with some brief desription of the various sub-systems. The STAR Inner

Silion Trakers will be presented insisting on the Silion Strip Detetor. Also some notions

of the reent and future upgrades that will take plae in STAR experiment will be presented.

The hapter onludes by mentioning some basi elements of STAR vertex reonstrution

software.

2.1 The Relativisti Heavy Ion Collider

The Relativisti Heavy Ion Collider (RHIC) is loated at Brookhaven National Lab-

oratory, Upton NY. RHIC has been operational sine the summer of year 2000 and

measures 1.2 km in diameter. A remarkable ahievement in the �eld of high energy

nulear physis, RHIC was the �rst mahine ever being built with the apability of

olliding mixed speies. RHIC an ollide ion speies as light as protons and deuterons

and as heavy as Uranium at a variety of energies. RHIC onsists of two independent

aelerator storage rings with six interation points and a system of superonduting

magnets. The aeleration of heavy ions is a omplex proess that unfolds in stages.

Sine RHIC uses superondutivity (most of the RHIC omponents operate at temper-

ature lose to the absolute zero, the RHIC ramp rate is relatively slow. It takes a week

to ool down the RHIC superonduting magnets from room to operating temperature

whih is 4.2K [Harrison 03℄. Moreover, the aelerator is not a stand-alone mahine,

it is part of a omplex that inludes other omponents�ion soures and initial ael-

erators (Linear Aelerator (LINAC)�is used in order to aelerate protons whether

Tandem Van de Graa� aelerators are used for heavier ions), eletron-stripping foils, a

Booster ring, and the Alternating Gradient Synhrotron (AGS). Before reahing RHIC,

23
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Fig. 2.1: Layout of the RHIC failities at Brookhaven National Laboratory. The loations of STAR,

PHENIX, PHOBOS and BRAHMS are learly seen around the RHIC ring. Figure is taken

from [Sakuma 10℄.

the atoms are ionized and aelerated.

A brief desription of the RHIC operation using Au atoms as an example follows:

The negatively harged 197Au ions are produed in a soure and aelerated into and

through the Tandem Van de Graa� aelerator, whih has a terminal voltage of 14 MV.

At the terminal the ions pass through the stripping foils, they lose their negative

harge and aquire a positive harge, whih for gold ions is of +12 units. The ions are

aelerated from the terminal to ground potential, inreasing their energy by 168 MeV
(at this point the energy of eah Au ion is about 1 MeV/nuleon). As the ions exit the
Van de Graa�, they are stripped further and pass into the Booster via a transfer line.

In the Booster the ions are bunhed into six bunhes, they are aelerated further, and

as they exit the Booster, they are stripped of all exept the K-shell eletrons. After

this stage, the Alternating Gradient Synhrotron (AGS) reeives the bunhes from

the Booster, and gathers the ions into bunhes. Eah AGS bunh is equivalent to six

Booster bunhes.

The next step is the aeleration and the transportation to RHIC with energy of

8.86 GeV per nuleon. Before entering RHIC, however, the ions are stripped of the

remaining eletrons. The bunhes an then be stored and further aelerated inside

RHIC. A seond Tandem Van de Graa� aelerator is available to provide a seond

speies for asymmetrial ollisions(suh as the d+Au). For the injetion of protons
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the proton Linear Aelerator (LINAC) is used. For the polarized proton program,

the hallenge is to keep the beam polarized through out the aeleration proess. To

maintain the desired polarization, two polarimeters and one partial Siberian snake are

installed to RHIC. From their soure in the LINAC, the protons are inserted into the

Booster and then into the AGS. From there, at 25 GeV/partile, the beam is transferred

to RHIC. Both the ion and proton injetion proesses are illustrated in Figure 2.1.

At the end of the heavy ion injetion, eah RHIC ring holds a total of 6 × 1010

partiles. When the injetion is performed with the light ions, this number may be

up to two orders of magnitude larger [Harrison 03℄. One the beams are inside the

RHIC, they travel inside the two rings in opposite diretions. One ring is alled blue

for referene, in it the beam travels in the lokwise diretion as viewed from above.

The other ring is often referred to as the yellow ring. In the latter ase the beam moves

in the ounter-lokwise diretion. Finally, in the pivot Table 2.1, it is summarized the

runs that were taken from the beginning of the operations until today.

In the near future RHIC will upgrade its aging Tandem Van de Graa� with an

Eletron Beam Ion Soure (EBIS) [Alessi 05℄. This soure and lina based pre-injetor

an produe all ion speies up to uranium, inluding noble gases and polarized 3He.

2.2 The RHIC Experimental Areas

There are six interation areas along the perimeter of RHIC. Four of these are used

for experimental reasons, the �fth by the ollider-aelerator department (C-AD), and

the sixth remains vaant. As of today, two out of four experiment still are under

the proess of data aquisition: PHENIX (Setion 2.2.3) and STAR (Setion 2.3).

Along with PHOBOS (Setion 2.2.1) and BRAHMS (Setion 2.2.2), they onstitute

the ensemble of the experimental failities at RHIC.

2.2.1 PHOBOS

Named after the larger of the two moons of planet Mars, PHOBOS∗ experiment has

as a goal to detet events where QGP may have been present. The experiment was

designed to measure partiles with transverse momentum pt as low as 10 MeV/c. The
experimental apparatus, onsists of fast Si pad detetors (overing in |η| < 5.4 as an

been seen in Figure 2.2). In addition the experiment is equipped with a TOF detetor.

The trigger is provided by the paddle ounters (16 sintillation detetors loated around

the beam pipe in 3.2 < η < 4.5). The PHOBOS ZDC's are idential to what STAR

experiment is atually using and are desribed in Setion 2.3.3. The PHOBOS ol-

laboration has arried out measurements of partile multipliity, partile/anti-partile

∗Initially the name proposal for the experiment wasMARS: Modular Array for RHIC spetrosopy,

but was soon rejeted.
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Tab. 2.1: Colliding nulei speies for the di�erent RHIC runs throughout the years 2000�2009.

Luminosity values are taken from [Dunlop 08a℄.

run year olliding speies beam energy

integrated

luminosity

[GeV/u] [pb−1]

I 2000 Au+Au
27.9 < 10−9

65.2 20 ·10−6

II 2001�2002

p+p
100.0

1.4

Au+Au
258 · 10−6

9.8 0.4 · 10−6

III 2002�2003
d+Au

100.0
73 · 10−3

p+p 5.5

IV 2003�2004
Au+Au

100.0

3740 · 10−6

67 · 10−6

p+p 7.1

V 2004�2005

Cu+Cu

11.2 0.02 · 10−6

100.0 42.10 · 10−6

31.2 1.50 · 10−3

p+p
100.0 29.5

204.9 0.1

VI 2006 p+p
100.0 93.3

31.2 1.05

VII 2006�2007 Au+Au 100.0 7250 · 10−6

VIII 2008�2009
d+Au

100.0
33.95 · 10−3

p+p 2.5
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ratios and olletive �ow [Bak 03℄. As of the year 2005, the ollaboration has seized

its operation [Franz 06℄.

Fig. 2.2: Left : Geometrial aeptane of PHOBOS Silion Detetors. Right : Overview of PHO-

BOS experiment. Figures are taken from [Bak 03℄.

2.2.2 BRAHMS

Fig. 2.3: Overview of BRAHMS Experiment. Figure is taken from [Adamzyk 03℄.

The Broad Range Hadron Magneti Spetrometer (BRAHMS) [Adamzyk 03℄, serves

to measure the partile spetra (suh as p±, K± and π±). The spei� experiment has

two separate movable spetrometer arms for the high and the low transverse momentum

pt partiles. It onsists of the Forward Spetrometer (FS) at Mid Rapidity Spetrom-

eter (MRS), as seen in Figure 2.3, situated at 2.3◦ and 90◦ with respet to the beam

axis. The partile identi�ation (PID) is performed with the standard spetrometer
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omponents like the Time of Flight (TOF), threshold and ring-imaging Cherenkov de-

tetors and traking devies like drift (DC) and time-projetion (TPC) hambers. The

TPC's are of standard design with 21.8 cm drift and eletri �eld of 229 V/cm using

Ar/CO2, (90:10) and STAR front-end-eletronis (FEE). The DC's have 10 layers with

x, y pattern and a ±18◦ wire planes using a Ar/C4H10 (67 : 33) gas mixture with a

9 ◦C alool bubbler.

2.2.3 PHENIX

The Pioneering High Energy Nulear Interation experiment (PHENIX), is a om-

pound detetor primarily oriented to perform eletromagneti probes. The various

sub-detetor systems are able to apture hundreds of heavy ion events per seond,

10 kHz [Adox 03℄. The rare probes as a sign of the QGP formation, is the PHENIX

physis goal. The apparatus onsists of two large entral arms, positioned symmetri-

ally on equidistant sides, of the beam line. As it an be seen in Figure 2.4, there are

Fig. 2.4: Views of the PHENIX experiment. Left : Beam-view. Right : Side-view Figures are taken

from [Adox 03, Franz 08℄.

two muon forward spetrometers, overing 1.1 < |η| < 2.2. They onsist of a muon

traker (onseutive layers of drift hambers) and a muon identi�er (absorber made of

steel and layers with streamer tubes [Adox 03, Franz 08℄ of Iaroi type [Iaroi 83℄.

PHENIX possesses two alorimeters in PbS (Lead-Silion) and PbGl (lead-glass) as

an be seen on the left side of Figure 2.4. They serve to reonstrut the π0 and η neu-

tral mesons. In the entral arms, the partile identi�ation is being performed where

partiles suh as (e±, π with pt up to 4 GeV/c) are deteted using the Ring Imaging

CHerenkov (RICH). For the π±, K± up to pt = 1.5 GeV/c and the p± up to 3.5 GeV/c
the Time of Flight (TOF) serves for their identi�ation [Adox 03, Franz 08℄. In addi-

tion, the muon arm serves to identify the of the harmed partile J/ψ and in partiular

its muoni deay J/ψ → µ+µ−.
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2.3 STAR Overview

The Solenoidal Traker at RHIC experiment, is a ollaboration that onsists of 616

physiists from 52 institutions in 12 ountries. An overview of the apparatus is shown

in Figure 2.5. STAR experiment exels in measuring hadron prodution over a large

solid angle. It features detetor systems for the high preision traking, momentum

analysis, and partile identi�ation at the enter of mass rapidity.

Fig. 2.5: Overview of the STAR experiment. The z axis is parallel to the beam diretion, and at

z = 0 the TPC membrane is situated as depited by the vertial line. Figure is taken

from [Sakuma 10℄.

The major subdetetor is the large TPC serving for traking and partile identi�a-

tion (PID) together with the 3 layer silion vertex traker (SVT), and a single layer sili-

on strip detetor (SSD). The eletromagneti alorimetry surrounds the TPC, namely

the Barrel Eletromagneti Calorimeter (BEMC), desribed in Setion 2.16. The trak-

ing of approximately 2000 harged partiles per entral event in the TPC is performed

by the appliation of a Kalman Filter [Liko 92℄ and Hough transform whih points

the traks bak to the SVT/SSD, Setion 2.8. Finally the smaller angles are overed

by two small forward TPC's (Setion 2.13) with a radial drift. In addition, the new

STAR upgrades suh as the FGT and the HFT that will allow the improvement on the

measurement and the opening of a window to new physis.
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2.3.1 The Trigger System

The STAR trigger system onsists of the Zero Degree Calorimeter (ZDC), the Central

Trigger Barrel (CTB) and the Eletromagneti Calorimeter (EMC). The EMC an

be used to selet events with rare probes, or eletrons from J/ψ and Υ deays. The

trigger is used in order to selet peripheral, entral, or events that ontain high energy

partiles in A+A ollisions.
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Fig. 2.6: Overview of STAR Trigger System. Figure is taken from [Judd 03℄.

2.3.2 The Trigger Levels

The 3 trigger levels of STAR experiment provide a deision in order to lassify the

orresponding event. In partiular:

i. The CTB along with ZDC form the level L0 of deision. The oinidene of signals

in ZDC along with the RHIC lok, are used in order to dedue the exat time

of the bunh rossing. This trigger deision is fast: 1.5µs. If this trigger level is

satis�ed, the CTB signal is used to extrat the multipliity. An event that passes

L0, triggers the response of the other detetors and their signal is also taken under

onsideration.

ii. The level L1 orresponds to the time that the eletrons drift in the TPC volume.

The time that this level needs is of the order of 100µs.

iii. The next level of deision is L2 and it is used by the fast detetors. During this

time (10ms), the digitization of the TPC traks is being performed.
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iv. Finally the L3 is the online trak reonstrution. Its total duration is 200 ms. An
estimation of the vertex position is also being done during this period of time, and a

partile identi�ation of the high pt partiles is being performed as well [Adler 03℄.

2.3.3 The Zero Degree Calorimeter

Fig. 2.7: Left: Transverse view of the ollision region depiting the interation point, the beam

pipe as well as the Zero Degree Calorimeter. Right : Detail of ZDC modules. Figures are

taken from [Adler 01℄.

Loated at a distane of 18 m from the origin of axis z (in both sides), as shown in

Figure 2.7, the Zero Degree Calorimeters (ZDC), serve as the Minimum Bias Trigger

and ontribute to the dedution of the entrality in heavy ion ollisions [Adler 01℄.

Their dimension is only 10 cm wide. In partiular, the dipole magnet Dx situated at

10 m serves in order to de�et the harged fragments of the beam, as shown in the

upper left part of Figure 2.7. Sine neutrons are not a�eted by the presene of the

magneti �eld, and due to their forward rapidities, they arry a large probability that

are not by produts of the ollision. The detetor layout as shown in Figure 2.7, is made

of 3 modules. Eah module onsists of Tungsten absorber layers and Cherenkov �bers

with a total length of 0.7 m, able to measure the energy of the neutrons emitted as

fragments after eah ollision in 2.5 mrad aeptane around the beam pipe [Adler 01℄.

The aumulated measured energy is proportional to the neutron multipliity, thus

giving a measurement of the ollision geometry, hene the dedution of entrality. In

addition, the same type of the ZDC modules are plaed in all four RHIC experimental

failities, monitoring the beam luminosity.
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2.3.4 The Beam Beam Counters

The STAR Beam-Beam Counters (BBC) are loated at a distane of z = ±3.7 m
from the entral TPC membrane at z = 0, outside of the pole-tip of STAR magnet.

Eah BBC module is divided in two areas: inner and outer. The former of radius

between 9.6 cm to 48 cm overs 3.4 < |η| < 5.0, when the latter is loated between

38 cm and 193 cm overs 2.1 < |η| < 3.6. Their main purpose is to serve as a trigger in

ollisions where the use of ZDC (f. Setion 2.3.3) is impratial (e.g. in p+p ollisions).

They onsist of 18 large hexagonal sintillation tiles as shown in Figure 2.8 whih are

onneted to the Photo-Multipliers (PMT). The inner part of eah BBC is onstruted

by small tiles made of sintillating material and a oinidene in at least one of the 18

small inner tiles on both sides, provides a trigger for p+p ollisions. The BBC's an

be also used for vertex position determination. In partiular, the omparison of the

time of arrival between East and West, an determine the vertex z position. Also, let

us note that large values in time of �ight are assoiated with the passage of beam halo

and the orresponding trigger is being rejeted.

Fig. 2.8: Shemati depition of a STAR Beam-Beam Counter. The beam pipe an be seen depited

by the letter B, in the enter of the image. Figure is taken from [Bieser 03℄.



2.4 The Physis of Semiondutors 33

2.3.5 The Central Trigger Barrel

The Central Trigger Barrel [Bieser 03℄ surrounds the TPC Barrel and overs in pseudo-

rapidity |η| < 1, as shown in Figure 2.5. It onsists of an array of 240 sintillator slats

overing 2π in azimuth [Bieser 03℄, as shown in Figure 2.9. The signal of eah slat is

proportional to the number of partiles that traversed it. The CTB along with the

ZDC (f. Setion 2.3.3) served as a quik method of the multipliity determination,

without the intervention of the time-onsuming event reonstrution. It does sueed

to perform so, by ounting the harged partiles emerging from the point of interation.

In partiular, just by using the ZDC and CTB information, e.g. minor energy deposits

in the ZDC and large amount of ounts in the CTB, indiates a ollision with small

impat parameter (f. Setion 1.10) that ours during entral events. In the ontrary

ase, where the amount of deposit is large in the ZDC and few ounts are reorded in

the CTB, the ollision is haraterized as peripheral, therefore with a large value of the

impat parameter. The year 2007 was the last operational period for the CTB.

Fig. 2.9: Left : View of STAR Central Trigger Barrel that serves as a trigger. Right : Detail of the

CTB module. Figures are taken from [Bieser 03℄.

2.4 The Physis of Semiondutors

As in other solids, the eletrons in semiondutors an have energies only within ertain

bands (i.e. ranges of levels of energy) between the energy of the ground state, orre-

sponding to eletrons tightly bound to the atomi nulei of the material, and the free

eletron energy, whih is the energy required for an eletron to esape entirely from the

material. The energy bands orrespond to a large number of disrete quantum states

of the eletrons. Most of the states with low energy are full, up to a partiular band

alled the valene band. Semiondutors along with insulators are distinguished from

metals beause the valene band in the semiondutor materials is nearly �lled under

usual operating onditions. This requirement an ause more eletrons to be available

in the ondution band whih is the band immediately above the valene band. The
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ease with whih eletrons in a semiondutor an be exited from the valene band

to the ondution band depends on the gap between the bands, and it is the size of

this energy band gap that serves as an arbitrary dividing line (roughly 4 eV) between
semiondutors and insulators. Finally the gap band is the energy di�erene between

the top of the valene band and the bottom of the ondution band in insulators and

semiondutors. It is possible to modify the balane between the eletrons and holes

population in a silion rystal lattie by embedding to the rystal, atoms of other el-

ement. This tehnique is alled doping. In partiular, atoms with one more valene

eletron than silion an be used to produe the n-type semiondutor material, whih

adds eletrons to the ondution band, resulting to the enhanement of the number

of eletrons.

Fig. 2.10: Sketh of the semiondutor energy bands.

2.5 The Semiondutor Doping

On the other hand atoms with one less valene eletron an be used in order to result in

p-type material. In the latter type material, the number of eletrons trapped in bonds

is higher, thus e�etively inreasing the number of holes. In doped material, there is

always an exess of one type of arrier ompared to the abundane of the other. The

type of arrier with the higher onentration is alled a majority arrier while the lower

onentration arrier is alled a minority arrier. The amount of impurity, or dopant,

added to an intrinsi (pure) semiondutor an di�erentiate the level of ondutivity.

Doped semiondutors are also often referred to, as extrinsi. Let us examine the ase
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Fig. 2.11: Sketh depiting the n (left) and p (right) doping in silion.

of silion, a tetravalent element, whih is doped with other elements that have 3 or

5 valene eletrons. In this manner harge arriers in a quasi-free energy state are

reated.

2.5.1 The n-doping

A pentavalent dopant is alled donor Figure 2.11 (left side) beause one of the valene

eletrons is in a relatively loose bound state. The supplementary ionised eletrons an

reate holes in every atom of the dopant. The holes not being able to move in the

region, fore a valene eletron to migrate towards the energy state of a free eletron of

the dopant material, making available energy sum of EG. Overall, the doping has two

e�ets. First of all it reates an asymmetry between the harge arrier. In the ase of a

doping with an element V of the periodial table, the arriers are the eletrons when at

the same time the holes are the minority. As a global e�et, the material ondutivity

is enhaned.

2.5.2 The p-doping

In the ase of the doping using a trivalent atom Figure 2.11 (right side), an aeptor

is introdued over the higher energy level of the valene energy band. The ondution

proess is performed primarily via the holes, e.g. a valene eletron an reate a hole in

the valene band that is free to move. The ondutivity of the doped semiondutors is

a lot more enhaned than that of the intrinsi ones. The usage of the suh a material

for partile detetion purposes, ould not have been attained, had it not been for the
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pn juntion presenting a relatively low ondutivity. The latter will be the topi of

disussion of Setion 2.6.

2.6 The Inversed PN Juntion

Fig. 2.12: PN Juntion. Left : In forward bias. Right : In inverse bias.

Let us onsider a n-type rystal, with a onentration ND of atoms-donors. Also

let us all NA the onentration of atom-aeptors. In this zone where, NA ≫ ND

the ondution is performed by the holes that drift in the n region leaving the atom

aeptor �where they originate� with negative harge. In the same way, eletrons

oming from a n region, will drift towards the p region, resulting in positive atom

donors. The intermediate zone p-n ontains no more drifting harges, f. Figure 2.12,

thus alled spae harge region or depletion layer. The above proedure has as a result,

the reation of ionized zones. In the zone of ontat of n-p there are no more volatile

harges, thus alling it deserted. In addition, due to the separation of di�erent speies

of harges, an eletri �eld is reated. In the state of (thermal) equilibrium, and in

the absene of an external eletri �eld, there is no di�usion of holes and eletrons.

Obeying to the Fermi-Dira statistis, the hemial potential for the two zones are

equal. The di�erene of energy levels of the EV (p-type) and EC (n-type) is around

1 eV that the external �eld has to overome. Therefore the appliable voltage is of the

order of few Volts region and the deserted zone extends to a few mirons. In order

to augment the number of arriers in the silion, an external �eld is to be applied

(potential Vpn) between the p and n regions, thus talking about inversed voltage, in

the deserted region.
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2.7 The Semiondutors in Partile Detetors

Materials like Silion and Germanium, an be used in order to detet harged parti-

le. In partiular, when a harged partile passes through the semiondutor medium,

eletron-hole pairs are generated Figure 2.13, whih later on are olleted by the ap-

plied eletri �eld. Due to their density, semiondutors, o�er a greater stopping power

than gaseous. An extra advantage of the semionduting over the gaseous detetors is

that the energy for the reation of an eletron-hole pair is around 10 times smaller than

the gas ionization [Leo 92℄, allowing an inreased energy resolution. Exept for silion,

in general these detetors require ooling, in order to operate, to low temperature. Also

due to their rystalline material struture, they are severely a�eted by the radiation

damage, yielding in a limited long term use.
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Fig. 2.13: Cartoon of a harged partile passing through the SSD module reating pairs of eletrons

(e−) and holes (h+).

2.8 The STAR Inner Silion Detetors

The Inner Silion Traking system of STAR experiment, onsists of the Silion Vertex

Traker (SVT) and the Silion Strip Detetor (SSD), as seen in Figure 2.14. The

detetor was inluded in the runs for years 2004 to 2007. Both detetors have served the

strangeness physis program [Timmins 09a℄, and oriented towards the physis of harm.

The alignment and the drift veloity alibrations were re-visited to see if it is possible

to perform diret D-meson measurement and whether the B-meson tagging is feasible.

Finally, the ensemble of the silion detetors, will be substituted by one of the future

STAR upgrades: the HFT (f. Setion 2.22), keeping the SSD as the third layer.
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primary vertex

Fig. 2.14: Shemati depition of the Inner Silion Detetors of STAR. Left : Inside the beam one.

Right : Beam view (xy). Figures are taken from [Suire 01℄.

2.9 The Silion Vertex Traker

In order to improve the traking of the low transverse momentum (pt < 150 MeV/c)
partiles and detetion of short-lived hadrons suh as strange baryons and K0

S, STAR

experiment is equipped with a traker that sits lose to the beam pipe and has high

resolution, 25µm for spae points and 500µm for a two-trak resolution. The Silion

Vertex Traker (SVT) shown in Figure 2.14, onsists of three ylinder layers of silion

drift detetors with their inner boundaries at distanes r = 6.37, 10.38 and 14.19 cm
from the enter of the beam pipe. The SVT onsists of 216 p-type 6.3 × 6.3 × 280
([W [cm] × L [cm] ×H [µm]) silion wafers [Bellwied 03℄, distributed as follows:

1st layer: 8 ladders (4 wafers);

2nd layer: 12 ladders (6 wafers); and

3rd layer: 16 ladders (7 wafers);

Eah detetor's layer is relatively thik (1.5X0) and the intrinsi spatial resolution is

σr�φ < 80µm and σz < 80µm. Eah wafer is divided into two halves by a entral

athode to minimize the drift distane for the eletrons (Figure 2.15).

The eletrons drift to the nearest anode, loated at opposite ends of the silion

wafer. There are 240 anodes in eah drift diretion. The eletron drift speed at the

maximum applied anode voltage of 1500 V (whih orresponds to a �eld of approxi-

mately 500 V/cm) is 6.75µm/ns, yielding a maximum drift time of 4.5µs [Bellwied 03℄.

The SVT ombines two priniple of detetion: semiondutivity and ionization, both

of whih are disussed in Setions 2.4 and 2.11.
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Fig. 2.15: The STAR Silion Vertex Traker. Left : Sketh of the detetor in transverse view.

Figure is taken from [Matis 95℄. Right : z view, installed inside the STAR beam one.

Figure is taken from [Fisyak 07℄.

2.10 The Silion Strip Detetor

Then main purpose of the SSD, is to provide an intermediate, non-drifting point for

trak mathing between the TPC and the SVT. The Silion Strip Detetor was partially

installed for Run IV, and used for the physis analysis Cu+Cu dataset at
√
snn =

200 GeV (run V) data. It onsists of 20 ladders of 100.60 cm in length and radius of

23 cm, (f. Figure 2.16), overing a full azimuth and |η| < 1.2. Every ladder onsists of

16 wafers, and eah wafer of two sides, p and n-type. Every side of eah wafer has 768

Si strips, resulting in a total detetion material surfae of ∼ 1 m2. The orientation of

the strips an be seen in Figure 2.17. The pith (95µm) whih is the distane between

the strips, is hosen taking into aount the auray of position measurement and the

number of the read outs hannels. Also the stereo-angle between the p and n-strips:
is 35mrad. Finally, the intrinsi resolution of the detetor is 30µm for the transverse

and 860µm in the z-diretion.

When a minimum ionizing partile (MIP) traverses the 320µm of the Silion (Fig-

ure 2.13), loses approximately 84 keV. This energy is spent in the reation of approx-

imately 23000 eletron-hole pairs. The role of the SSD is to serve as an intermediate

assoiative layer between the SVT and the TPC hits. In partiular SSD will enhane

the e�ieny of the inner traking ability, allowing a more preise measurement of the

traks emerging from the primary vertex. In addition to the above, the SSD an help

the reonstrution of the strange partiles from a seondary vertex, suh as K0
S, Ξ±,

Λ and Ω±. The PN inversed juntion, Setion 2.6 is used as the detetion module

whih is kept under eletri tension of ouple of tenths of Volts. In Table 2.2 the

harateristis of the detetor are summarized.
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CONTROL BOARD
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ADC
BOARD

Fig. 2.16: Left : The SSD plaed around the STAR beam one. Right : Cartoon depiting one SSD

ladder. Figure is taken from [Arnold 03℄.

Tab. 2.2: SSD harateristis and operation values. Values taken from [Arnold 03℄.

Summary of the SSD harateristis

Radius 23 cm
Ladder length 106 cm
Aeptane |η| ≤ 1.2

Numbers of ladders 20

Numbers of wafers per ladder 16

Total silion surfae 0.98 m2

Total number of wafers 320

Number of strips per side 768

Number of sides per wafer 2

Wafer dimensions [L×W× H℄ 73 × 40 × 15 [mm]
r�φ resolution 20µm
z resolution 740µm

Operating voltage 20�50V
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2.10.1 The SSD Module

As mentioned above, the SSD is omposed of 20 frame arbon strutures as shown in

Figure 2.16. Eah one, supports 16 detetion modules. A module is the basi element

of the SSD and integrates a silion wafer and its front-end eletronis. The Si detetor

module is omposed of:

i. A double sided silion strip detetor;

ii. 768 miro-strips per side of the detetor;

iii. 95 mm pith;

iv. 35mrad stereo angle between p and n side;

v. 4 cm of strip length; and

vi. two hybrid iruits.

Fig. 2.17: Left : Sketh of the SSD module. Right : Stereosopi view of the p and n strip orienta-

tion inside a SSD module. The beam axis (z), along with the loal oordinate system in

r�φ as well as the dimensions and the pith of the module, are learly shown. Figures are

taken from [Martin 02℄.

In addition, eah hybrid iruit, is omposed of:

i. One �exible iruit (made of kapton and opper) glued on a arbon �ber sti�ener;

ii. 6 analog readout hips: a128; and

iii. 1 multi-purpose ontrol hip dediated to temperature measurements, low and high

voltage monitoring alled ostar.

The onnetion between the strips on the detetor and the analog inputs of the

a128 hips, is ensured by a tape automated bonding (TAB). This bumpless tehnology

is based on a kapton miroable onto whih the opper strips are printed. The �exibility
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of the able allowing the folding of the hybrids iruits on top of the detetor in order

to make the detetion module very ompat. Furthermore, this able plays the role

of pith adaptor between the 95 mm pith of the detetor and the 44 mm pith of the

hips on the hybrid iruit. The tape is also used to onnet the a128 hips to the

hybrid iruit.

SSD Pulsers

For alibration purposes of the read out eletronis, a pulser generator for every A128C

iruit is being used [Germain 02℄. This generator allows the injetion of a signal to

every pre-ampli�er allowing the simulation of a modi�able harge signal.

2.11 Energy Loss by Ionization

Charged partiles when passing through a medium, will lose energy by ionization, that

will be transferred to the knok-on eletrons. Namely the stopping power −dE
dx

as

predited by the (2.1).

− dE

dx
= Kz2Z

A

1

β2

[

1

2
ln

2mec
2β2γ2Tmax

I
− β2 − δ2

2

]

(2.1)

where:

z is the harge of the partile (expressed in units of qe);

Z and A are the atomi number and atomi mass of the absorber;

me is the mass of the eletron;

c is the speed of light in vauo;

I is the average ionization energy of the material;

Tmax is the maximum kineti energy that a free eletron an obtain within an intera-

tion;

δ is a orretion based on the eletri density; and

βγ = p/mc , where p is the momentum of the partile and m its mass.

Let us also note that (2.1) is valid for harged partiles heavier than eletrons, and

lighter than atomi nulei (valid until α partiles), beause of the presene of the

supplementary energy loss mehanisms. The eletron ase present the bremsstrahlung,

emission of eletromagneti radiation arising from sattering in the eletri �eld of the
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nuleus. It is onsiderable for the ase of eletrons and positrons, sine the emission

probability varies as the inverse square of the partile mass [Leo 92℄. The ase of the

atomi nulei, exhibits additional di�ulty, sine the e�etive harge has to be taken

into aount.

2.12 The Time Projetion Chamber

Fig. 2.18: The STAR Time Projetion Chamber. Left : The dimensions are 4.2m in length (z
diretion) and inner and outer setors are situated at 0.5m and 2m respetively. Right :

TPC Endap. Figures are taken from [Anderson 03℄.

The main traking devie at STAR is the Time Projetion Chamber as it is skethed

on the left of Figure 2.18, overing a full azimuth (2π) and |η| < 1.8. It serves to mea-

sure the trak momentum by energy loss, due to the ionization of the gas. Surrounded

by a uniform magneti �eld along the z diretion, the latter an be tuned to either

Reverse or Forward �eld depending on the orientation (−z or +z respetively) and to

Half or Full Field depending on the magnitude of the magneti �eld, 0.25 T or 0.5 T
respetively. The dimensions of the TPC are 4 m in diameter, 4.2 m in length ylinder.

At distanes z = ±210 cm the read-out pads over a radial distane r of (50, 200) [cm]
from the enter of the beam pipe. Also the inner TPC �eld age is loated at 50 cm.

The eletrons' drift speed is relative slow (5.45 cm/µs) and for high luminosities

this an lead to pile-up events f. Setion 2.12.1, sine the rate of STAR is 0.1 kHz.
The entral membrane ating as a athode is held at −28 kV when at the same time

the outer �eld ages are grounded thus generating an eletri �eld of 135 V/cm in

the z diretion. Eah side, is divided into 12 setors, as shown on the right side of

Figure 2.18, that are equivalently divided into 45 padrows, 13 on the inner subsetor,

equipped with smaller pads (2.85×11.5 [mm]) and 32 rows of larger (6.20×19.5 [mm])
pads on the outer subsetor.
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As the harged partiles emerging from the ollision point, are passing through the

gas, the knok-on eletrons are aelerated towards the anodes (endaps). Before atu-

ally hitting the read-out board (RDO), there are Multi-Wire Proportional Chambers

(MWPC) where the avalanhe takes plae. In partiular one drift eletron is able to

produe some thousands of avalanhe eletrons, and the latter ones �nally are deteted

from the RDO's, as an enhaned signal.

For a given trak (represented by a helix, f. Appendix D.1) of a harged partile in

a uniform magneti �eld B along z-axis, the magnitude of the transverse momentum

pt is given by the following handy formula (f. Appendix D.3):

pt = 0.3BRq [GeV/c] (2.2)

where qe is the absolute partile's harge value (expressed in units of the eletron

harge) and R it's radius of urvature in m. The magnitude of magneti �eld, B, is

expressed in T. The total momentum is alulated using this radius of urvature and

the angle that the trak makes with respet to the z-axis of the TPC. This proedure
works for all primary partiles oming from the vertex, but for seondary deays,

suh as Λ or Ks the irle �t must be done without referene to the primary vertex.

Energy loss in the TPC gas is a valuable tool for identifying partile speies. It works

espeially well for low momentum partiles but as the partile energy rises, the energy

loss beomes less mass dependent and it is hard to separate partiles with veloities

v > 0.7c. STAR is designed to be able to separate pions and protons up to 1.2 GeV/c,
Figure 2.19. This requires a relative

dE
dx

resolution of 7%. The gas that is ontained

in the TPC, is a mixture of Ar and CH4 in a 90 : 10 proportion, alled P10, kept

under pressure of 2mbar over the atmospheri in order to prevent the possibility of

ontamination of the gas ingredients [Anderson 03℄. The priniple of detetion that

TPC is using is desribed in detail in Setion 2.11. Finally let us also mention the

spatial resolutions for the r�φ and z omponents

i. σDCAxy = 600µm and σDCAz = 1200µm for the inner setors; and

ii. σDCAxy = 1200µm and σDCAz = 1600µm for the outer setor.

2.12.1 The TPC Cluster Reonstrution

After the ollision takes plae, the ionization lusters are found, separately in x, y and

z oordinate spae [Anderson 03℄. The x and y positions of a hit are found by �tting

a Gaussian to the distribution of the pixel lusters loated at a given pad. In order to

measure the z position of a hit, one needs to know the distane traversed by the eletron

loud and the drift veloity at the time of drift. The drift veloity is alulated using

alibration data available from daily laser runs (f. Setion 2.12.2), while the distane
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Fig. 2.19: Energy loss distribution for primary and seondary partiles in the STAR TPC as a

funtion of the momentum p of the partile trak. Figure is taken from [Anderson 03℄.

drifted by the eletron loud is alulated by measuring the time of arrival of the

eletrons on the pad in time bukets and then weighting the average of these by the

number of eletrons olleted in eah buket. The drift veloity is monitored by laser

system with preision 2 · 10−4 providing systemati error in z diretion of 400µm at

the maximum drift length (2 m) [Fisyak 07℄. One the trak is found, the total
dE
dx

of

the partile an be alulated by using all padrows that were a�eted by the partile's

passage. The length over whih the energy loss ourred is alulated after taking into

aount the dip and the rossing angle whih are the angle between partile momentum

and the diretion of the eletron drift, and the angle between partile momentum and

the read-out plane, respetively. Let us also note that the reonstruted traks are

lassi�ed into primaries and globals (f. Appendix E) depending on whether the point

of the primary vertex was taken into aount onerning the reonstrution of the

trak [Pruneau 03℄.

Pile-Up

The slow drift speed in the TPC, leads to a low event rate 0.1 kHz for STAR as

ompared to 10 kHz for PHENIX [Franz 08℄. Pile-up ours when the ollision rate

starts to beome omparable with the eletrons drift time in the TPC. This e�et
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leads to events from previous bunh rossings being reorded with the event from the

triggered bunh rossing. In Figure 2.20 it is shown a di�erent set of ases of pile-up.

Fig. 2.20: Cartoon depiting Pile-Up events, with the vertex in blue is onstruted from the

ollision that �red the trigger, while the vertex in red is a pile-up vertex. (a): after, (b):

before and (): same bunh rossing. Figure is taken from [Reed 09℄.

The pile-up ollision for (a) ourred after the triggered ollision (post-rossing), whih

means that the traks assoiated with the triggered ollision had already drifted away

from the TPC Central Membrane. In (b) the pile-up ollision happened before the

triggered ollision, so the traks from that ollision had already started to drift down

the TPC when the trigger was �red, and in () shows within buket pile-up, where

both ollisions happen within the same bunh rossing. Finally, let us mention that

the pile-up onditions are manageable for high-multipliity events, where the primary

vertex an be reonstruted and the traks sorted out. However, in low-multipliity

ollisions suh as in p+p, pile-up an beome a problem.

2.12.2 The TPC Laser System

The STAR Physis program demands a 10% momentum resolution for pt = 10 GeV/c,
whih is translated in a resolution of ∼200µm and an error in the z diretion not more

than 1000µm. The UV laser system of the TPC, serves in order to have an updated

image of the TPC onerning the value of the drift veloity and the morphology of the

detetor [Abele 03℄. There are many fators that an interfere, suh as:

i. Variation in drift veloity aused by gas mixture, temperature, pressure and eletri

�eld variation;

ii. detetor misalignment in the magnet;

iii. radial inhomogeneities of magneti and eletri �eld;
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iv. spae harge build-up due to high multipliity, espeially in Au+Au ollisions; and

v. TPC endap displaement and inlination.

The Nd-YAG laser† of wavelength λ = 266 nm allows to simulate the passage of a

MIP trak, by ionizing the gas' organi substanes, (abundane in ∼p.p.b) via the two

photon proess.

2.13 The Forward TPC Modules

Situated at 162.75 < |z| < 256.75 cm position from the interation point z0 = 0, the two
Forward Time Projetion Chambers (FTPC) [Akermann 03℄ provide an extension of

STAR traking ability in the region of 2.5 < |η| < 4.0. As it an been seen in Figure 2.21

eah module presents a ylindrial symmetry around the z axis. The length of eah

detetor is 120 cm and its diameter is 75 cm. The drift region is extended up to 23 cm.

Fig. 2.21: Perspetive of STAR FTPC. Figure is taken from [Akermann 03℄.

Although the priniple of detetion is similar to the TPC, as desribed in Se-

tion 2.11, there is a di�erene between the two detetors. In partiular the drift

veloity of the eletrons in the FTPC is perpendiular to the STAR magneti �eld,

sine in FTPC ~E ⊥ ~B, where in TPC ~E ‖ ~B. The radial drift on�guration was

hosen to improve the two-trak separation in the region lose to the beam pipe where

the partile density is highest. The radial drift �eld as well as the readout hambers

are mounted on the outer ylindrial surfae. The FTPC is apable to reonstrut

all harged traks (∼1000) traversing the detetor in a entral Au+Au ollision. The

†neodymium-doped yttrium aluminium garnet Nd: Y3Al5O12
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seletion of the FTPC gas was done taking under onsideration the low oe�ient of

di�usion for the eletrons. The mixture of Ar/CO2 was �nally hosen [Akermann 03℄

in 50:50 proportion.

2.14 The STAR Calorimetry

The ensemble of the Barrel (BEMC) along with the Endap Eletromagneti Calorime-

ter (EEMC), onsist the main system that perform the alorimetry in STAR. The

BEMC is e�etively used to identify eletrons, inluding single eletrons as a result

from heavy quark deay, neutral pions π0 and photons γ [van Buren 08℄.

Fig. 2.22: Left : Photo of STAR Endap Eletromagneti Calorimeter inside the STAR experi-

mental hall. Right : The half part of the total 720 towers. The towers are projetive,

with edges aligned with the enter of the beam intersetion region, 2.7m distant along

the z-axis from the EEMC front fae. Towers span ∆φ = 0.1 in azimuthal angle,

and varying size in pseudorapidity ∆η = [0.057, 0.099]. Eah tower has 23 layers of

lead/stainless steel absorber interleaved with 24 layers of plasti sintillator. Figures are

taken from [Allgower 03℄.

2.15 The Endap Eletromagneti Calorimeter

The greatest demand for suh forward alorimetry arises from the program of exper-

iments to be arried out with olliding polarized proton beams at RHIC. One of the
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most important goals of this program is to determine the heliity preferene for glu-

ons ∆g(x) inside the polarized proton, as a funtion of the fration xg of the proton's

momentum arried by the gluon, and to onstrain strongly the net gluon ontribution

to the proton's spin, given by the integral of this quantity over xg [Allgower 03℄. The

gluon polarization an be probed in quark-gluon Compton sattering, by the longitu-

dinal spin orrelations, the di�erene divided by the sum of ross setions for equal

versus opposite beam heliities�for diret photon prodution at transverse momentum

transfers pt ≥ 10 GeV/c. The Endap Eletromagneti Calorimeter [Allgower 03℄ ov-

ers 1 < η < 2, as an be also seen in Figure 2.5. It inludes a sintillating-strip shower

maximum detetor in order to provide π0/γ disrimination and preshower and post-

shower layers in order to provide the separation between eletrons and harged hadrons.

At the energies of interest, the most probable lab-frame opening angle between the two

photons φγγ
min = 2 sin−1 m

π0

E
π0

an be as small as 10mrad [Bland 99℄.

The hoie of a traditional Pb/plasti sintillator for the EEMC towers shares the

same tehnology with the ones of the BEMC. Let us also note that due to the fous on

p+p analyses rather than A+A, the demand on tower segmentation is less onstrained

when ompared to the STAR BEMC (Setion 2.16). The mesons are produed via

signi�antly larger ross setions than the diret photons, as a part of the fragmentation

of hard-sattered quarks and gluons. It is therefore essential for the EEMC to have a

Shower Maximum Detetor (ESMD), to further distinguish single photons from photon

pairs. Plaed at about 5 radiation lengths (X0) inside the EEMC, the SMD is a speially

on�gured layer designed to provide the �ne granularity ruial to distinguishing the

transverse shower pro�les harateristi of single photons vs. the lose-lying photon

pairs, organized into orthogonal u and v planes. The ative material of the ESMD is

the plasti sintillator. Suh a design and similar tehniques have been developed by

the DØ ollaboration [Adams 96℄ for use as a traking preshower detetor. The SMD

is made of extruded polystyrene based sintillator strips. Finally the energy resolution

is given by (2.3).

σE

E
≤ 12

√

E [GeV]
+ 2 [%] (2.3)

2.15.1 The Endap Pre Shower Detetor

There are two preshower and one postshower readouts from the layers of the endap

towers. The alibration is ahieved by using the MIP signals.

2.16 The Barrel Eletromagneti Calorimeter

The Barrel Eletromagneti Calorimeter [Beddo 03℄ is loated inside the magnet and

overs a full azimuth and |η| ≤ 1 mathing the TPC aeptane. The alorimeter is
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divided into two barrels overing −1 ≤ η ≤ 0 (East) and 0 ≤ η ≤ +1 (West). Inner and

outer radii are 223 cm and 263 cm, respetively. The length of the detetor is 293 cm
along the z-axis. Every barrel is segmented in azimuth, in 60 modules, eah module is

of approximately 26 cm wide and overs 6◦, as shown in Figure 2.23.

Fig. 2.23: STAR Barrel Eletromagneti Calorimeter. Left : Transverse view. Right : z view.

Figures are taken from [Beddo 03℄.

The modules are grouped then into 40 projetive towers of Pb-sintillator modules.

A detail of the BEMC module an be shown in Figure 2.24. Eah tower is overing an

area of ∆η × ∆φ = 0.05 × 0.05, yielding a total number of 2400 towers for eah half

barrel. The tower is onstruted of two staks, inner and outer. The inner onsists of

a 5 layers of lead (Pb) and 5 layers of sintillator, sandwihed together and the outer

stak of 15 layers of lead and 16 layers of sintillator. Eah layer is 5 mm in thikness.

Finally, the energy resolution of the detetor is given by (2.4).

σE

E
=

16%
√

E [GeV]
(2.4)

Additionally, between the inner and the outer setor the Shower Maximum Detetor

(SMD), is being plaed at a 5X0 depth. The latter detetor is disussed thoroughly in

Setion 2.16.2.

2.16.1 The Barrel Pre Shower Detetor

The Pre Shower Detetor (PSD) ontains the �rst and seond sintillating layers of

eah alorimeter module. A separate read-out is being used, with the use of two Wave
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Fig. 2.24: Detail of the BEMC detetion module. Figure is taken from [Sakuma 10℄.

Length Shifting (WLS) �bers, illuminating a single pixel of the multi-anode PMT. In

total of 300 16-pixel multi-anode PMT's are used to provide the 4800 tower preshower

signals. The main purpose of this detetor is to provide a photon versus eletron versus

hadron shower identi�ation.

2.16.2 The Barrel Shower Maximum Detetor

Fig. 2.25: The STAR Shower Maximum Detetor. Figure is taken from [Beddo 03℄.
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The Shower Maximum Detetor (SMD) is a multi-wire proportional ounter with

strip readout. Loated after the BEMC, it overs |η| ≤ 1 and has 5.6 X0 at η = 0
and inreases to 7.9 X0 near the edges, η → 1, as an be seen in Figure 2.24. It serves

to improve the spatial resolution of the alorimeter, and to separate the γ showers

oming from high-pt neutral meson deays suh as π0 and η. The energy resolution of

the detetor is given by (2.5).

σE

E

∣

∣

∣

η
= 12 +

86
√

E [GeV]
[%] (2.5)

In the φ plane the energy resolution is worsened by 3�4%. The detetor onsists of two

planes: η (front plane) and φ (bak plane), with spatial resolutions stated in (2.6) and

(2.7).

σr�φ = 2.4 +
5.6

√

E [GeV]
[mm] (2.6)

σz = 3.2 +
5.8

√

E [GeV]
[mm] (2.7)

All values in (2.5)�(2.7) are taken from [Beddo 03℄, and a sketh of the SMD layer

behind the EMC, an be seen in Figure 2.25.

2.17 The Forward Meson Spetrometer

In the ontext of the upgraded forward instrumentation in STAR, the FMS serves to

measure in large η (forward rapidity) the neutral pions π0. The ultimate goal is the

measurement of the gluon distribution xg(x), in nulei in the range of 0.001 < x < 0.1.
Let us also note that the funtion g(x) desribes the di�erential probability to �nd

gluons with a fration x of the longitudinal momentum of the parent nuleon.

The FMS detetor is a 2 m × 2 m wall of 1264 lead glass detetors, as shown in

Figure 2.26, penetrated through its enter by the vauum pipe traversed by the beams

before they ollide at the enter of STAR. In order to maximize the ability to distinguish

single photons from pairs of photons produed by π0 or η deay, the FMS detetor is

loated as far from the interation point as possible, ultimately limited by the loation

of the DX magnet f. Setion 2.3.4, west of the STAR interation point.

The FMS faes the blue beam (f. Setion 2.1), and reonstruts partiles produed

at small angles (∼ 2.5 < η < 4.0) via the detetion of their deay photons. The

latter ones are viewed through the large holes in the poletips of the STAR magnet.

Let us also underline the importane of the onstrution of the FMS at STAR being

a partial realization of the long-sought full-aeptane ollider detetor. In partiular

the STAR barrel EMC spans |η| < 1.0, the Endap EMC spans 1.08 < η < 2.0 and

�nally the FMS spans 2.5 < η < 4.0, all with full azimuthal aeptane, albeit with

small aeptane gaps [Bland 05℄.
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Fig. 2.26: Left : Shemati view of STAR forward meson spetrometer as seen from the interation

point. The blue beam penetrates into the page at the enter of the matries. Right : The

north half of the FMS after staking was ompleted, before the monitoring panels were

put in plae and before the alorimeter was sealed. Figures are taken from [Jaobs 09℄.

2.18 The Forward GEM Traker

The STAR ollaboration is preparing a traking detetor upgrade to further investigate

fundamental properties of the new state of strongly interating matter produed in

relativisti heavy ion ollisions at RHIC and to provide fundamental studies of the

proton spin struture and dynamis in high energy polarized p+p ollisions at RHIC.

In this ontext, the urrent proposal is one omponent of the upgrade program, alled

the Forward GEM (Gas Eletron Multiplier) Traker (FGT). The goal of the detetor,

is to fous on the novel spin physis measurements in high-energy polarized proton-

proton ollisions [Surrow 07℄. The disrimination of ū + d(d̄ + u) quark ombinations

requires the ability to disriminate between high-pt e± through their opposite harge

sign, whih in turn requires preise traking information.

An upgrade of the STAR forward traking system is needed to provide the required

traking preision for harge sign disrimination, shown in Figure 2.27. This upgrade

will onsist of six triple-GEM detetors with two dimensional readout arranged in

disks along the beam axis z, referred to as the Forward GEM Traker. The harge-sign

disrimination of high-pt e± to distinguish W± bosons in the range 1 < η < 2 will

be based on the use of a beam line onstraint, preise hit information from the six

triple-GEM disks, hits from the TPC, and the eletromagneti luster data from the

shower-maximum detetor of the STAR EEMC. Information from the already installed

detetors (in the absene of FGT) is insu�ient.

The priniple of detetion is that harged partiles ionize gas in the top detetor

volume of a triple-GEM detetor and some of the primary ions generate seondary

ionization. Di�usion smears the harge loud transversely until it reahes the �rst
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Fig. 2.27: Left : 3D-view of the FGT as modeled by the mehanial engineering design tool alled

SolidWorks. Right : 3D-view of the STAR inner and forward traking region as imple-

mented in the GEANT model of the STAR detetor (STARSIM). Figures are taken

from [Surrow 07℄.

GEM foil. As a onsequene, the harge loud follows the eletri �eld lines and its

position gets quantized on the hexagonal grid holes in the GEM foil and further di�used.

As a �nal step, the ampli�ed harge loud passes the third GEM foil and is olleted

by a handful of strips in eah plane.

2.19 The Time of Flight Detetor

The partile identi�ation at mid-rapidity is aomplished by several tehniques but

one of the most powerful is the measurement of the partiles' energy loss (
dE
dx
) in the

TPC gas. This tehnique works extremely well at momenta below the 1 GeV/c but is

subjet to ambiguous identi�ation of pions, kaons, and protons above this value. These

ambiguities an be resolved by measuring the time of �ight (TOF) of the partiles from

the vertex to the outer radius of the TPC. The new TOF modules will be loated at the

outer radius of the TPC. The tehnology for the upgrade is relatively new [Bonner 03℄

sine eah module will use multi-resistive plate hambers (MRPC).

The TOF system will perform measurements with a time preision of 85 ps, or in
other words, it will double the momentum range over whih partiles an be diretly

identi�ed in STAR. In partiular by ombining the momentum p as measured in the

TPC and the veloity β (measured by TOF).

m = p

√

1

β2
− 1 (2.8)

The β in the TOF is measured aording to (2.9), by measuring the time interval

∆t the time the partile rosses the spae interval ∆L. For this reason, the p-VPD

(Setion 2.21) is used to trigger the initial time measurement.

β =
∆L

c∆t
(2.9)
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Fig. 2.28: Left : Detail of the MRPC that are used in the STAR Time of Flight detetor. Fig-

ure is taken from [Bonner 03℄. Right : Sketh of the STAR Muon Telesope Detetor.

Figures are taken from [Lin 09℄.

Conerning the D meson prodution, at moderate pt, partile identi�ation of the

daughter K and π is possible, although these are separated by large gaps in rapidity

and azimuthal angle (φ). As a onsequene, the large aeptane of the proposed barrel

TOF is essential to measure the D0 → K−π+ deay, sine the deay kinematis of the

D meson, an be fully reonstruted. The ombinatorial bakground for the K−π+

andidates an be redued, by a fator of 3 beause of the identi�ation of the deay

daughters. It is alulated that in entral Au+Au ollisions the error is approximately

15% [Bonner 04℄.

The MRPC is basially a stak of resistive plates arranged in parallel. The use

of the resistive plates is applied in order to quenh the streamers so that they do

not initiate a spark breakdown [Bonner 03℄. The intermediate plates reate a series

of gas gaps. Eletrodes are applied to the outer surfaes of the two outer plates and

a strong eletri �eld is generated in eah subgap by applying a high voltage aross

these external eletrodes. All the internal plates are eletrially �oating; they initially

take the voltage as de�ned by eletrostatis, but are kept at the orret voltage by the

�ow of eletrons and ions produed in the gas by avalanhes. When a harged partile

passes through the hamber, it generates avalanhes in the gas gaps. Sine the plates

are resistive they are transparent to the signal indued by avalanhes, thus a signal

indued in the pikup pad is the sum of signals from all the gas gaps.

The series of hambers have glass resistive plates with a resistivity of 5×1012 [Ω·cm].
The dimensions of the urrent module are 94 mm × 212 mm × 12 mm and the ative

area is 61 mm × 200 mm. The devies are operated in avalanhe mode, with a non-

�ammable gas mixture whih ontains 90 % of tetra-�uoroethane (C2H2F4), 5 % of

iso-butane (C4H10) and 5% of sulfur hexa�uoride (SF6). Eah module is plaed into
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trays, (f. Figure 2.28) and one tray an hold up to 32 modules. The dimensions of the

tray are 241× 21.6× 8.9 (L×W ×H [cm]). Around 120 trays are needed in order for

the full azimuthal overage to be attained.

2.20 The Muon Telesope Detetor

At almost twie the radius of the new TOF system, it will be installed a new muon

identi�ation system that will allow the traking and the identi�ation of the deay

of heavy �avor vetor mesons at mid-rapidity. The proposed large-area MTD overs

more than 50% azimuthal and |η| < 0.8 overage behind the return iron bars for the

magneti �eld, as shown in Figure 2.28 (left side). This apability will be new and

unique at RHIC. The essential tehnology will be the plaement of double-staked

MRPC modules outside of the magnet iron that surrounds the TPC.

The signal from these detetors will be used to tag muons primarily oming from

the ollision vertex. Muons an easily penetrate the magnet iron, whereas the more

abundant pions from the ollision will either be stopped or reate showers in the iron.

Only at high transverse momentum (pt ≥ 10 GeV/c) an a signi�ant fration of pions

penetrate the steel or reate a shower that reahes the MRPC modules. The showers

due to pions, an be rejeted by preise timing measurements and good position reso-

lution determined by the MRPC strips. In order to ahieve even greater disrimination

between the µ and π sample, a orrelation of the partile's trak in the TPC will be

performed as well.

The shape of the trak (perhaps inluding a deay kink) along with the energy loss

(
dE
dx
) (in the TPC) of the trak provide preious information about the trak identity.

In partiular, the Monte Carlo simulations have suggested that muons and pions an

be identi�ed with a high reliability using the
dE
dx

information. The latter statement an

be interpreted that by performing a simple analysis proedure, it an be ahieved a

µ/π separation by a fator of 200. Along with the TOF detetor (f. Setion 2.19), the

rejetion of all kaons and protons an be also performed. With this kind of disrim-

ination, a very ative program of the muon measurement in order to reonstrut the

J/ψ and Υ at mid-rapidity an be pursued. Sine muons, due to their mass, are less

a�eted than eletrons�by the Bremsstrahlung radiation energy loss in the detetor

materials�they an provide exellent mass resolution of the vetor mesons (JP = 1−)
and quarkonia. The latter is essential for the separation of the ground state (1S) of Υ
from its exited ones: (2S + 3S) [Ruan 08℄.
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Fig. 2.29: Left : Detail of the STAR Vertex Position Detetor Right : Position of TOFp in STAR

detetor and pVPD along the beam axis. Figures are taken from [Bonner 03℄.

2.21 The Pseudo-Vertex Position Detetors

The pVPD onsists of the two idential detetor assemblies shown in Figure 2.29 one

on eah side of STAR very lose to the beam pipe at a distane of |z| = 5.6 m from the

enter of STAR (z0). The pseudorapidity overage is 4.43 < |η| < 4.94. The mounting

struture onsists of an aluminum base plate, two 1-thik mahined Delrin fae plates,

and three welded aluminum rails, onto whih detetor elements are attahed using pipe

lamps. The base plate of the mounting struture lamps onto the aluminum. The

on-detetor eletronis for the pVPD are the same as those used in the TOFp tray

(Setion 2.19. Finally, the pVPD signals travel over a similar signal path as for TOFp,

and are digitized in the same CAMAC rate.

The spei� detetor is able to detet photons, generated during the ollision and

establish a t0 (initial time measurement for the TOF. In partiular, photons reate

eletromagneti showers in the Pb, that develop in the sintillator reating photons.

The latter ones are �nally are gathered in the PMT's where via the photoeletri e�et,

eletrons are being reated. Due to the presene of the eletri �eld, the eletrons

are foused by eletrodes and oriented towards the dynodes, where the population of

eletrons is enhaned by the proess of seondary emission.

2.22 The Heavy Flavor Traker

In order to extend STAR's partile identi�ation apabilities further into the heavy

�avor domain, there will be installed several layers of high resolution silion trakers

starting with a pixel detetor at 2.5 cm radius from the ollision point. The full suite

of detetors will be alled the Heavy Flavor Traker (HFT) [Xu 08b℄. The proposed
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on�guration starts with two traking layers of omprised monolithi CMOS (Comple-

mentary Metal Oxide Semiondutor) pixel arrays using 30 × 30 [mm] square pixels.

The pixel layers will be situated at radii of 2.5 cm and 7.0 cm, respetively. They

provide 135 pixels of information for every event studied.

Fig. 2.30: The STAR Heavy Flavor Traker. The �rst layer is the pixel detetor and the seond

is the IST. The third is the SSD. Left : Beam view. Right : 3D view. Figures are taken

from [Xu 08b℄.

In order to provide graded resolution between the TPC and the pixel layers, two

additional high rate onventional silion barrel layers are proposed at intermediate radii

of 12 cm and 17 cm. These Intermediate Strip Traker (IST) layers provide spae-points

with high auray in r�φ and in the z diretion between the Pixel layers and the ex-

isting Silion Strip Detetor (SSD) f. Setion 2.10, reduing the number of possible

trak ombinations that an onnet with hits on the outer layer of the pixel detetors.

This is partiularly ruial to enable aurate measurements in high multipliity envi-

ronments. The HFT an provide traking information for short lived partile deays

displaed by 100µm, or less, from the interation point.

As an example, the neutral meson deay D0 → K−π+ an be identi�ed diretly

by using the pixel detetor to selet the daughter traks: K− and π+ traks while

the fast moving D0 annot be seen beause it is a neutral partile, leaving no trak

in the detetor. When ombined with the existing STAR TPC and SSD, the HFT

onstitutes an integrated state-of-the-art at mid-rapidity inner traking system whih

is unique at RHIC. This traking system will signi�antly extend the reah of the STAR

sienti� program. In partiular it will a�ord e�ient topologial reonstrution of D
and B mesons down to low transverse momenta (e.g. forD's at 500 MeV/c) illuminating

their in-medium interations and the properties of the strongly interating quark-gluon

plasma.

2.23 The DAQ1000

The STAR data aquisition is a fast and �exible system, reeiving data from multiple

sub-detetors having a wide range of readout rates. Currently the events are reorded

at input rates up to 100 Hz. In order to aquire data at even higher rates, there has
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to be designed a new set of eletronis for the TPC. The new system, was inaugurated

in 2008 and is alled DAQ1000, will aquire data at rates up to 1000 Hz. The new

tehnology that makes this upgrade possible are the front-end hips and assoiated

readout eletronis being developed for the ALICE TPC [Musa 03℄. The CERN hips

are truly the next-generation of TPC front-end hips and were designed based on our

experiene with the STAR eletronis and built using spei�ations that are nearly

idential to the STAR requirements. Thus, the replaement of the existing STAR

eletronis with a derivative of the newer CERN eletronis will mean an order of

magnitude inrease in performane.

2.24 The PPV and the MinuitVF Method

The Proton-Proton Vertex (PPV) �nds the z position of a vertex, by requiring a beam

line onstraint in order to determine the x and y values of the vertex. The beam

line onstraint is alulated by �tting all the events with the MinuitVF without any

onstraints on the vertex position [Reed 09℄. A straight line �t is performed to the

vertex distributions obtaining a relationship between x, y and z omponents.

Although many of the verties found in this method will not be the orret ones

for the event, the number that are the orret verties will have enough statistis so

that the beam line is a valid representation of the beam path. In partiular, from eah

event, the traks are seleted based on their quality in the TPC. The traks should

extrapolate to within < 3 cm of the beam line and to a point within the volume of the

TPC. In addition they should have a minimum momentum of 0.2 GeV/c.
Conerning the quality assurane of the traks, the fration of TPC hit points over

the number of possible TPC hit points should omply with (2.10).

nHitsFit

nHitsPoss
= 0.7 (2.10)

Also (2.10) allows many traks from post rossing events to be removed, (f. Se-

tion 2.12.1). In addition, the post rossing pile-up is harder to remove that pre-rossing

pile-up as the traks will reonstruted so that they appear to ross the TPC entral

membrane. Eah trak that meets the trak quality uts is given a weight based on

whether it extrapolates to a deposit of energy in a fast detetor or it rosses the TPC

entral membrane. Traks that perform so, are likely to be traks from the triggered

vertex as these detetors an be reset between bunh rossings. However, this does

not allow the vertex �nder to remove pile-up (f. Setion 2.12.1) from within buket

ollisions.

A trak whih extrapolates to a fast detetor without energy deposited is given a

veto fator. The trak is not ompletely removed from the analysis, however it is more

probable that this trak is not from the triggered event so it is not given muh weight.
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In the ase where the trak does not extrapolate to a fast detetor�or the part of the

detetor it extrapolates to is unable to be read out�the trak gets a dunno fator.

The latter is set to 1 as there is no knowledge about whether this trak belongs to the

triggered vertex. The total weight for the trak is the produt of the three weights

from the various detetors.

As with the PPV algorithm, similar trak quality uts are applied to the olletion of

traks used for the vertex �nder. Vertex andidates are any point with at least 5 traks

pointing to within 6 cm in z diretion, and within < 2 cm of the beam line. Let us also

note that any two andidates annot be within 6 cm from eah other. Finally, the 3D
position of this vertex is found by using the MINUIT [James 06a℄ minimization routine

in order to minimize the mean distane of losest approah (DCA) of the olletion of

assoiated traks.

As a �nal step, eah vertex andidate is given a rank based on the average dip

angle f. Setion 2.12 of the assoiated traks versus z, the number of traks whih are

mathed to the BEMC and the number of traks that �nally ross the TPC entral

membrane.



Chapter 3
Data Analysis

The analysis methodology of the D0 reonstrution is the main fous of this hapter. The

event seletion along with the trak quality assurane uts, as well as the eletron and

hadron identi�ation is disussed. In addition, the various methods for the generation of

the bakground as well as the onseutive subtration and saling approahes are also

presented. The hapter onludes by mentioning the alulation of the signi�ane for the

extrated signal.

3.1 Introdution

The D0(cū) meson belongs to the SU(4) (�avor) pseudosalar (JP = 0−) 16-plet of

u, d, s, c quarks. A representation in the I, C and Y spae an be seen in Figure 3.1.

The D0 → K−π+ hadroni deay that the analysis will be foused on, has a branhing

ratio B.R. = 3.89%. The D0 partile has a nominal mass value m = (1864.84 ±
0.17) MeV/c2 and lifetime of τ = (410.1 ± 1.5) · 10−15 sec. The mean deay length is

cτ = 122.9 µm [Amsler 08℄. Finally, the weak interation being responsible for the D0

hadroni deay transmutates the harm quark to a strange quark via the emission of a

W+ partile, as shown in Figure 3.1. In order to study the harm deay topology, we

need not only to identify the daughter partiles into K± and π±, but also it is needed

to ombine the probe side (K−π+/K+π−) with the trigger side (e±) in order to apply

the novel method of the e�D0 azimuthal orrelation. As a last step, and in order to be

able to reonstrut the seondary vertex, the point that the D0 deay takes plae, the

mirovertexing tehnique will be applied.
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Fig. 3.1: Left : Graphial representation of the pseudosalar meson 16-plet of SU(4) �avor u, d, s, c

as a funtion of isospin I, harm C and hyperharge Y = S + B − C
3
. The SU(3) nonet

�avor, lays in the middle C = 0 plane. Right : Feynman diagram of a D0 → K−π+

hadroni deay. The weak fore is responsible for the partile's deay, transmuting the

harm quark (c) into a strange quark (s) via the emission of the W+ boson.

3.2 The Event Seletion

The events are ategorized by a trigger name and trigger setup. We are interested

in events that triggered the Barrel Eletromagneti Calorimeter (BEMC) and there

is a large probability that they ontain a high-pt partile, that we are interested in.

For the ase of the Cu+Cu we seleted the High Tower, events. In the Au+Au ase

there are the Btag triggered events. Finally for the p+p (2006), p+p (2008) as well as

d+Au (2008), we also onsider the Minimum Biased events.

3.2.1 Minimum Bias Triggered Events

The Minimum Bias trigger (MinBias), in p+p ollisions, demands a oinidene of the

of signals from two BBC (f. Setion 2.3.4) on the opposite sides of the interation

point.

3.2.2 High Tower Triggered Events

A brief desription of the BEMC detetor, an be found at Setion 2.16. The BEMC

o�ers the ability to selet events that ontain at least one high-pt partile. This on-

dition required, in addition to the Minimum Bias (Setion 3.2.1), an energy deposit

above a prede�ned threshold in at least one alorimeter tower. Two di�erent thresholds

were applied yielding the HighTower-1 and HighTower-2. The purpose of the spei�

trigger is to enrih the sample with events that ontain partiles with a large transverse

energy deposit.
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3.2.3 The Primary z-vertex Seletion

A preliminary ut is being imposed on the vertex and in partiular in the z ompo-

nent. Events that ontain (Vx, Vy, Vz) = (0, 0, 0) onerning the vertex omponents, are

exluded sine�by onvention�these are ases that the primary vertex was not reon-

struted. In Table 3.1, we summarize the uts for various datasets on the z omponent

of the primary vertex for the events that are taken under onsideration in the urrent

analysis. The reason for utting on the z-vertex is in order to have traks that do not

ross a lot of detetor material and are onstrained in a region around the z0 = 0.

Tab. 3.1: Cut on the z- primary vertex omponent for various datasets used in the urrent analysis.

All runs are at
√
snn = 200GeV.

Run Dataset |z-vertex| [cm]

V Cu+Cu ≤30
VI p+p

VII Au+Au

≤20
VIII

d+Au

p+p

Entries  1461003

Mean   -1.017

RMS     11.95
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Fig. 3.2: Distribution of z vertex (normalized to the total number of events). Left : Cu+Cu (High

Tower) (run V) (red) and Au+Au (Btag) (run VII) (blue). Right : p+p (run VI) (green),

p+p (run VIII) (purple) and d+Au (run VIII) (blue). All datasets are at
√
snn = 200GeV.

3.2.4 The Charged Partile Event Multipliity

The harged multipliity is a useful tool in order to lassify the events via their en-

trality. It performs so by utilizing the Glauber Model, as desribed in Setion 1.10.
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It is possible to perform a ut on the event multipliity on datasets, usually seleting

events that omply with the ut stated in (3.1).

0 < multipliity < A (3.1)

Let also note that (3.1) allows to selet more peripheral (smaller multipliity values)

or entral events (towards larger values), allowing to perform the analysis in di�erent

entrality bins. Additionally, in Table 3.2 it is presented the equivalene between the

harged multipliity and the di�erent entrality bins in Cu+Cu and Au+Au datasets

at
√

snn = 200 GeV datasets.
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Fig. 3.3: Event multipliity distributions (normalised to the total number of events) Left :

Cu+Cu (High Tower) (run V) (red) and Au+Au (Btag) (run VII) (blue). Right : p+p (run

VI) (red) and p+p (run VIII) (green) and d+Au (run VIII) (blue). All datasets are at√
snn = 200GeV.

3.2.5 Trigger Event Seletion

We are mostly interested in events that ontain a high-pt trigger partile that will

hit the BEMC. In Table 3.3 it is presented the BEMC energy thresholds for various

datasets and triggers. For the ase of Cu+Cu (run V) and Au+Au (run VII) there was

expliitly a trigger Id., High Tower or Btag signifying a di�erent BEMC tower energy

threshold.

3.3 The Trak Quality Assurane Seletion

A preliminary set of uts is being imposed on the trak seletion, a�eting both the

eletron and hadron andidates' seletion. In partiular, we onsider traks spanning

in the region |η| < 1 in the TPC volume, in order to take into aount the aeptane
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Tab. 3.2: Centrality de�nition and multipliity values. Left :for the Cu+Cu (run V) Right : for the

Au+Au (run VII). Minimum Bias events. Both runs at
√
snn = 200GeV. Values are

taken from [Timmins 06, Timmins 09b℄.

Centrality [%] Multipliity [≥] Centrality [%] Multipliity [≥]

Cu+Cu Au+Au

0�5 485
0�10 140 0�10 399
0�20 103 0�20 269
0�30 74 0�30 178
0�40 53 0�40 114
0�50 37 0�50 69
0�60 25 0�60 39

0�70 21
0�80 10

of the TPC. In addition, traks with TPC hits that omply with (3.2). This ut is

shown in Figure 3.4.

nHitsTPC > 20

(3.2)

nHitsFit

nHitsPoss
> 0.15

The upper part of (3.2) is used in order to obtain a better quality onerning the

momentum measurement of the trak, sine it is proportional to the trak length, as

will presented and disussed in Setion 4.3, and in partiular (4.13). The maximum

number of the TPC hits that one trak an have is 45. The lower part of (3.2) serves

in order to avoid the split traks. The latter situation ours, when the reonstrution

software takes into aount hits from one trak, generating two separate ones.

3.4 The Role of the BEMC

The BEMC plays a ruial role in our study, allowing us to determine the high-pt events.
It o�ers the fast triggering on events at the L0 level, deiding whih ones are seleted

to ontain a high-pt partile hitting the BEMC towers (High Tower, Btag events). The
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Fig. 3.4: 2D plot of the ratio nHitsFit
nHitsPoss as a funtion of the nHitsFit for the seleted traks used in

the urrent analysis.

detetor was partially instrumented in 2005 (overing only the west side: 0 < η < 1),
and fully after the p+p at

√
s = 200 GeV (run VI). In Figure 3.5, it an be seen

the aeptane of the detetor, in η-φ, for the two di�erent runs (partial and full

instrumentation).
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Fig. 3.5: BEMC η-φ aeptane. Left : partially instrumented during the Cu+Cu (run V). Right :

fully instrumented during the Au+Au (run VII). Both runs are at
√
snn = 200GeV.

3.5 The Eletron Identi�ation

The identi�ation of the eletrons in the urrent analysis, plays a major role in order

to aept the events that ontain at least one high-pt eletron andidate. Additionally

it is needed to reate a pure eletron sample that will allow the appliation of the e�D0

orrelation analysis. In order to perform this seletion for the eletron trak andidates,

we apply the following set of uts.

i. The event must ontain at least one hit in the BEMC (tower) that satis�es the

E or Et threshold: High Tower (for the Cu+Cu) or Btag (for the Au+Au), as

stated in Table 3.3;
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Tab. 3.3: BEMC Tower energy threshold for various datasets and triggers. Calorimeter η aep-

tane: East [−1, 0] and West [0,+1]. For the years 2007�2008 the transverse energy Et
was onsidered as the alorimeter threshold. All runs are at

√
snn = 200GeV. Values

are taken from [Dunlop 08a℄.

year olliding speies trigger id. threshold E [GeV]
bem η

aeptane

2005 Cu+Cu
66201 2.40

[0,+1]
66203 3.75

2006 p+p

117211
5.0

[−1,+1]

117212

127212 5 (W), 5.4 (E)

127213
5.4

137213

2007 Au+Au

200212

4.3∗200213

200214

2008

d+Au

210501 2.6∗

210511 3.6

210521 4.3

210541 8.4

p+p

220500 2.6∗

220510
3.6

220520
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ii. a ut on the energy loss of the traks in the TPC is performed between the values
dE
dx

∈ [3.5, 5.0] [keV/cm] along with a trak momentum ut, aepting only the

traks with momentum greater than p ≥ 1.5 GeV/c;

iii. a ut on the shower pro�le of the partile, by imposing on the SMD strips both in

η and φ plane of the detetor to have at least one strip hit. Hene the following

ut: SMDη > 1 and SMDφ > 1;

iv. a ut on the ratio of 0 < p
Etower

< 2, p measured by the TPC and Etower by the

BEMC;

v. the extrapolated trak that mathes the point on the BEMC surfae of the tower,

is onsidered as the eletron trak; and

vi. in order to extrat the portion of non photoni eletrons from the overall ele-

tron sample, a ut on the di-eletron invariant mass is applied both of like sign

(e±e±) and unlike sign (e±e∓). The sample of the eletron andidates is re-

jeted if at least one of the partiles belongs to a pair with invariant mass value

me+e− ≤ 150 MeV/c2, as shown in Figure 3.9. The latter ut is desribed in detail

in Setion 3.5.5.

3.5.1 The Role of the SMD
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Fig. 3.6: SMD strips oupany in η and φ plane, for showers. Left : for the hadrons. Right : for

the eletrons. Both plots are normalized to unity. Figures are taken from [Kurnadi 10℄.

Both hadrons and eletrons reate showers in the BEMC. The former having a very

onstraint geometrial pro�le of the shower and the latter presenting a broader shower

distribution. It is of great importane the ut on the SMD strips in η and φ plane (for

the detetor desription f. Setion 2.16.2) allowing to perform a ut in the (η, φ) plane
by utting on the pro�le of the shower. The detetor is onsisted of proportional gas

hambers with a strip read-out at a depth of 5X0 in order to measure shower shapes



3.5 The Eletron Identifiation 69

and position. For our urrent study, we selet the towers that omply with the ut

(3.3).

SMDη > 1

(3.3)

SMDφ > 1

The eletromagneti showers from eletrons have their maximum intensity at 5X0

where the SMD is loated, while hadroni showers are inompletely developed, remain-

ing restrained in η and φ strip oupany. Based on alibrations of the SMD response

to eletrons and hadrons, traks whose shower projetion oupies more than 1 strip

in both η and φ SMD planes were seleted as eletron andidates. In partiular in

Figure 3.6, it is shown suh a distribution in the η-φ strips of the SMD for hadroni

and eletromagneti shower shape.

3.5.2 The Energy Loss for the Eletron Candidates

As stated in Setion 2.11, a harged partile traveling inside a medium loses energy by

ionizing the onstituents of the matter. On the left side of Figure 3.7 it is shown the

trak energy loss
dE
dx

versus its rigidity (p ·q), measured by STAR TPC for di�erent par-

tile speies. The eletrons are expeted to span in the area: 3.5 < dE
dx
< 5.0 [keV/cm],

whih is also shown on the right side of Figure 3.7. Above the 1 GeV/c all the par-

tiles seem to lose the same amount of energy, imposing a di�ulty in the partile

identi�ation above this momentum limit.
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Fig. 3.7: Left : The energy loss dE
dx

in the TPC vs the rigidity for all traks. Right : The energy

loss dE
dx

versus momentum p for the eletron andidates after the uts 0 < p
Etower < 2,

p > 1.5GeV/c, dE
dx

∈ (3.5, 5.0) [keV/cm] and SMD strips ut: SMDη + SMDφ ≥ 2. Both
plots are reated from d+Au run(VIII) data.
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3.5.3 The Ratio
p

Etower

The momentum of the trak (p) is alulated in the TPC (f. Setion 2.12) and the

energy of the tower measurement (Etower) is given by the BEMC towers, as desribed in

Setion 2.16. The high-pt eletrons transfer almost all of their energy in the alorimeter

ells, generating eletromagneti showers. For the latter ase, it an be onsidered that

Etower ≃ p, or in other words p/Etower ∼ 1, whereas for the ase of hadrons, the
p

Etower
distribution is broader, sine hadrons lose only a portion of their energy for the

reation of (hadroni) showers, Etower ≪ p, thus the ratio p/Etower ≫ 1 an extend to

a large range of values above unity. In Figure 3.8 the distribution of the ratio both for

the eletron and the hadron is being presented for traks with momenta p > 2 GeV/c.
A gaussian �t is also performed for the eletron ase yielding a mean value as in (3.4)

and with a standard deviation of σ = 0.19.

〈 p

Etower

∣

∣

∣

∣

e±
〉 = 0.996 ± 0.049 (3.4)
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Fig. 3.8: p/Etower distributions for hadrons (red line) and eletrons (blue line) for traks with

p > 2GeV/c. A �t (green line) is performed on the eletrons distribution yielding a mean

value µ = 0.99 and σ = 0.19. Both distributions are normalised to their total number of

entries. Data used from [Kurnadi 10℄.

3.5.4 The Distane Between the Extrapolated Trak and the

Tower

On the BEMC surfae we an identify with a resolution of (∆η × ∆φ) = (0.001 ×
0.001) [Beddo 03℄ the position of tower. In order to identify the eletron, the trak that
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passes the previous uts desribed in Setions 3.5.1�3.5.3 needs to be is extrapolated

to the BEMC surfae. The distane between the tower and the projetion of the trak

is alulated as

rT i =
√

(xT − xi)2 + (yT − yi)2 + (zT − zi)2 (3.5)

where (xT , yT , zT ) are the tower oordinates and (xi, yi, zi) refer to the oordinates of

the extrapolated trak to the BEMC surfae.

3.5.5 The Seletion of the Non Photoni Eletrons

The main ontamination for the non-photoni eletrons originates from the neutral

mesons' deay π0 → 2γ, η → 3π0. Also the material, suh as the silion detetors,

the beam pipe made of Be and the TPC inner �eld age ontribute to the photon

onversion, γ → e−e+, as shown in the left part of Figure 3.9. In partiular, it is shown

the distane (from the origin) of the vertex that the gamma onversion takes plae

in STAR detetor. In order to separate the non-photoni eletrons from the photoni
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Fig. 3.9: Left : Distane (radius) of the photon onversion (γ → e+e−) vertex interation point to

the x0, y0, z0 enter point of STAR detetor. The 3 layers of SVT (red) along with the

one SSD layer (blue), the kapton foil (∼ 32 cm) and the inner TPC �eld age (green) an

be learly seen. Figure is taken from [Choi 09℄. Right : Same-sign (blue) and opposite sign

(red) invariant mass yields for eletron andidates. A ut at 150MeV/c2 is imposed in

order to separate the non-photoni eletrons. Plot reated from the p+p at
√
s = 200GeV

(run VI).

eletrons the invariant mass method is used. In spei� every eletron andidate is

ombined with all the traks in the TPC passing the loose
dE
dx

for the eletron andi-

dates (f. Setion 3.5.2). This method yields an invariant mass spetrum, as shown

on the right part of Figure 3.9 for like sign (e±e±) and unlike sign (e±e∓) pairs. By

superimposing both invariant mass spetra, we seek the ommon point of the two plots.

In partiular it is learly shown the ut at 150 MeV/c2. Finally, let us note that the

invariant mass alulation is being onsidered with the traks' momenta alulated at

the DCA of eah two traks.
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3.6 The Partile Identi�ation for the Daughter Traks

The daughter traks need to be lassi�ed into kaons and pions. For this reason we

apply the following method that inludes a seletion ut between the harge of the

hadron and the trigger eletron, and a seond ut based on the
dE
dx

energy loss of the

trak in the TPC.

3.6.1 The Charge Correlation Between the Eletron and the

Hadron

As stated in Setion 1.13, the harge of the trigger partile, is onsidered to play an

important role in the dedution of the speies of the hadron. In partiular, we an

distinguish two ases:

i. D0 as a produt of a cc̄ deay�dominant soure. If the sign of the harge of the

trigger partile (e) is equal to the sign of the harge of the hadron (h) and an

azimuthal angular ut at ∆φ = π between the two partiles momenta is imposed.

Hene the hadron is a kaon andidate inheriting the harge of the trigger.

ii. D0 produed by a bb̄ deay�dominant soure. We onsider the sign of the harge

of the e to be opposite to the harge of the h and a ut at ∆φ = π is imposed.

The hadron is onsidered to be a kaon andidate with a harge opposite to the

trigger's.

The seond and �nal deision on the speies of the hadron will be taken after the

additional
dE
dx

ut, as explained in Setion 3.6.2.

3.6.2 The nSigmaKaon and nSigmaPion Distributions

A supplementary ut that is applied in order to identify the hadrons, is related to

the energy loss
dE
dx

due to the passage of the harged partile through the gas of the

TPC, f. Setion 2.11. The energy loss of a trak is expressed in terms of standard

deviations (σ) with a prior mass hypothesis [Bihsel 06℄. In Figure 3.10 it is shown suh

a distribution for the nσπ for a predetermined pt window at 3.75 < pt < 4.0 GeV/c.

3.7 The Role of the Silion Detetors

In datasets suh as Cu+Cu (run V) and Au+Au (run VII) at
√

snn = 200 GeV, the

silion detetors (SVT and SSD) were present in the data aquisition and subsequently

used in the o�ine trak reonstrution. A supplementary ut on the total number of

Silion Hits of eah trak an be applied, in the form SVT+SSD > a, with a be an
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Fig. 3.10: nσπ distribution for di�erent partile speies at 3.75 < pt < 4.0GeV/c. Also shown

the result from a 4-Gaussian �t. Figure is taken from [Xu 08a℄.

integer. This ut o�ers better resolution onerning the DCA of traks with respet

to the primary vertex, as will be disussed in Setion 4.3. The demand on the silion

uts, allows the possibility to selet traks that are more likely to emerge from the

primary vertex.

46.6683 22.8445 0.0672544

0.0016906 16.0612 0.0623807

6.48933 6.0563 0.0324781

0.827353 0.864916 0.0048737

SSD hits
0 0.5 1 1.5 2

S
V

T
 h

its

0

0.5

1

1.5

2

2.5

3

42.9055 8.861 0.064387

10.6152 0.0536532

17.9786 10.5415 0.0735796

5.67892 3.1744 0.0218431

SSD hits
0 0.5 1 1.5 2

S
V

T
 h

its

0

0.5

1

1.5

2

2.5

3

Fig. 3.11: 2D distribution of SVT vs. SSD hits for Cu+Cu (High Tower) (left) and Au+Au (Btag)

(right) at
√
snn = 200GeV. All values are normalized to the total number of entries and

given in [%℄.

Let us also make a note for the partiular ase of SVT+SSD = 0. The onvention for
this ase is that when the sum of silion hits for a given trak is SVT+SSD = 1, then the
hits for the two detetors is distributed as follows: SVT = 0 and SSD = 1. Pratially
that means that the perentage of traks with only 1 silion hit and of whih this hit
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does not belong to the SSD is zero. Finally, in Figure 3.11 it is shown the distribution

of SVT and SSD hits of traks, for Cu+Cu and Au+Au at
√

snn = 200 GeV datasets.

3.8 The D0
Invariant Mass Reonstrution

After applying all uts onerning the seletion of eletrons , the traks, and the event

seletion, we an proeed in reonstruting the D0 invariant mass. For a hadron pair

the invariant mass M12 is given by (3.6).

M12 =
√

E1E2 − ~p1 · ~p2 (3.6)

where Ei and ~pi are the energy and momentum of eah i-partile. The energy of eah

daughter partile is alulated using the nominal mass value as stated in Appendix A.3.

3.8.1 The Ambiguity in the Daughters Mass Attribution

At this point let us make a note onerning the alulation of the D0 invariant mass.

Espeially let us onsider the hadron pairs. Initially there exists no prior knowledge

onerning the nature of eah partile (either K± or π±) omposing the hadron pair.

For eah hadron trak, we perform an exlusive
dE
dx

ut in the form of standard devia-

tions, keeping the traks that omply by (Setion 3.6.2).

|nSigmaKaon| < a

and (3.7)

|nSigmaPion| < b

Let us note that the uts onerning one speies of a partile are not exlusive to eah

other. In other words the demand for a hadron to belong to speies A does not exlude

the possibility that the same trak an belong to speies B. As a result the trak an

be onsidered twie (both K and π) and it will be taken under onsideration in both

ases for the alulation of the D0 invariant mass as in (3.6). From an algorithm point

of view, sine we are using a double loop over the hadrons, in order to reate pairs, let

us onsider the ase of a hadron pair for the (i, j) = (K−, π+) whose traks ful�ll both
uts in (3.7). Therefore (3.6) beomes (3.8).

Mij =
√

EKi
Eπj

− ~pKi
· ~pπj

(3.8)

If both traks pass the
dE
dx

uts in (3.7), then the pair, an also be onsidered�as a

di�erent pair of ourse�and an be written (i, j) = (π+, K−), yielding (3.9).

Mji =
√

EKj
Eπi

− ~pKj
· ~pπi

(3.9)



3.9 The Bakground Reonstrution 75

3.9 The Bakground Reonstrution

The reonstrution of the bakground yield has the same importane as the generation

of the invariant mass yield. One of the main aspets of a proper bakground onsists

of simulating the D0 invariant mass yield. In other words it is required the smooth

behavior beneath theD0 mass region. In order to suessfully simulate the bakground,

the following di�erent methods are used for the extration of the D0 signal from the

invariant mass yield.

i. Samesign, using the yield of
√
K−π− ⊗K+π+ , desribed in Setion 3.9.1;

ii. rotational, rotating the momentum of one daughter trak, by a �xed angle, as

desribed in Setion 3.9.2; and

iii. polynomial, where a �t with a polynomial funtion of nth degree, pol[n℄, is per-

formed around the D0 mass region, as stated in Setion 3.9.3.

In the following paragraphs, we present the method that was used for the reation of

every bakground yield, and the various aspets for eah ase.

3.9.1 The Same-Sign Bakground

For a givenK−π+ pair, the samesign bakgroundK+π+, f. Figure 3.12, an be seleted

in order to be subtrated from the S +B yield. In order to onstrut a high statistis

yield the total samesign is onstruted by ombining the negative and positive pairs,

following (3.10). √
K−π− ⊗K+π+ (3.10)

For the high pt triggered events (High Tower or Btag), it is important to note that sine

the sign of the trigger partile determines the sign of the K andidate, as explained

in Setion 1.13, it is not possible to have in the same event both speies K−π− and

K+π+ in the same event. Nevertheless both the invariant mass and the bakground

yields sine they are onstruted over the total number of events and not examined on

an event by event basis, the overall harged samesign is not a�eted (Figure 3.12). Of

ourse in the Minimum Bias events, sine there is no high pt partile there is no suh

a restrition onerning the reonstrution of both samesign speies.

3.9.2 The Rotational Invariant Mass Bakground

We refer to the rotational bakground as the invariant mass yield, alulated via (3.6),

but this time one of the daughter traks' momentum is being rotated in spae by an

angle θrotwith respet to the initial trak diretion, f. Figure 3.13. In partiular, we
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Fig. 3.12: Distribution of the samesign invariant mass yields for K−π− (red), K+π+ (blue) and

total
√
K−π− ⊗K+π+ (green).

hoose this trak to be the one orresponding to the kaon. In mathematial form it is

expressed by (3.11).

M12 =
√

E1E2 − |~p1||~p2| cos(θ + θrot) (3.11)
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Fig. 3.13: Left : Shemati depition of the rotation of a kaon's momentum in spae by an angle

θrot. Let us note that the deay plane before and after the rotation, remains the same.

Right : Rotational K−π+/K+π− invariant mass yields for various θrot angles of rotation.
Supplementary rotational angles exhibit similar invariant mass yield in the region lose

to the D0 mass region (1.865GeV/c2). The D0 invariant mass before any rotation is

plotted by the green empty ross.
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In (3.11), let θ be the initial angle between the two partiles' momenta. Also we

denote by θrot the angle of rotation. Let us mention that the initial reation plane of

the deay is being respeted prior and after the rotation. In partiular, this means

that the partile's momentum omponents are found on the same plane, before and

after the rotation takes plae. In Figure 3.13, it is presented the rotational invariant

mass yields for the various rotational angles θrot.

The Rotational Bakground and the Silion Hits

Due to the non isotropi azimuthal aeptane (f. Figure 3.14) in the silion de-

tetors: SVT+SSD, it is observed that the rotational invariant mass subtration is

not appliable, when a ut on the silion hits of the traks is applied in the form of

SVT+SSD=a. In partiular the subtration of the rotational mass does not sale as

expeted, yielding a non-properly bakground residual invariant mass yield around the

D0 mass region.
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Fig. 3.14: Azimuthal aeptane for traks with SVT+SSD=a hits: no uts (pink), 0 (blue), 1

(green), 2 (red), 3 (magenta) and 4 (blak). Left : for the Cu+Cu dataset. Right : for

the Au+Au. Both runs are at
√
snn = 200GeV.

3.9.3 The Polynomial Bakground

A third method that an be applied for the bakground subtration, is the use of a

polynomial in order to simulate the bakground, usually in the form of (3.12).

Pn(x) = a0x
0 + a1x

1 + a2x
2 + . . . + anx

n =
∑

n

anx
n

(3.12)

The values of the oe�ients an are alulated by �tting the invariant mass yield with

the funtion Pn(x). The �t is being performed between the region [1.7, 2.1] (GeV/c2),
and the order of the polynomial is onsidered to be between n = 1�7. In Figure 3.16 it

is shown the invariant mass of the K−π+ pairs along with the polynomial �t for various
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Fig. 3.15: Bakground D0 invariant mass plots for di�erent SVT+SSD ases. Left : Rotational

(at 180
◦

) invariant mass yield. Right : Invariant Mass yield of K−π+/K+π−. Plots

reated with the dataset Cu+Cu at
√
snn = 200GeV (High Tower) data.

degrees n. In order to estimate the goodness of �t we are using the χ2/n.d.f., where
n.d.f. is the number of degrees of freedom, the number of points of the urve that the

�t was performed minus the number of the free parameter [James 06b℄. In addition,

the values of χ2/n.d.f. are summarized for the various ases of polynomial �t funtions

and suh a �t is presented along with the D0 invariant mass yield.
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Fig. 3.16: Left : The D0 Invariant Mass along with the �t for polynomial degrees n=1�7. Right :

χ2/n.d.f. values for the orresponding �t polynomial degrees. Plots and values are re-

ated from the Cu+Cu at
√
snn = 200GeV run.

3.10 The Saling of the Bakground

The goal of reating the bakground is to perform the subtration afterwards, in or-

der to extrat the D0 signal. Both rotational and samesign need to be saled before
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the subtration as shown in Figure 3.19. The saling of the bakground is ahieved

by alulating the saling fator (c) in the following way. Let us onsider the in-

variant mass distributions
dN
dM

both for the signal+bakground yield (NS+B) and pure

bakground yield (NB). The integral over an area away from the D0 nominal mass

(1.865 GeV/c2) is then onsidered, both for the D0 invariant mass yield and the orre-

sponding bakground (samesign or rotational) yield. In partiular we onsider the area

both for the K−π+/K+π− and the orresponding bakground between the invariant

mass regions [MA,MB].

c ≡

∫ MB

MA

dNS+B

dm
dm

∫ MB

MA

dNB

dm
dm

(3.13)

The normalization fator c is used for the bakground yield NB is hene saled to N ′
B

aording to the following formula:

∫

dN ′
B

dm
dm = c

∫

dNB

dm
dm (3.14)
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Fig. 3.17: Invariant mass of Kπ. Both peaks of K0(892) and D0(1865) (red area) an be learly

seen. Figure is taken from [Zhang 03℄.

3.10.1 The Region above 2.1GeV/c2

In order to alulate the normalization fator c, we onsider the �rst ase to be the

region above MA = 2.1 GeV/c2, as shown in Figure 3.18. The reason behind the
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seletion of this region is the ontribution of the K0(892) → Kπ deay hannel (B.R. =
0.01) [Amsler 08℄, into the D0 invariant mass spetrum. The latter situation is shown

in Figure 3.17.

3.10.2 The Regions [1.7,1.8] ∪ [1.9,2.0] [GeV/c2]
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Fig. 3.18: Cartoon depiting the saling of the bakground for the ase (2.1,∞) (left) and the

[1.7, 1.8) ∪ (1.9, 2.0] (right).

An alternative method for the dedution of the fator c is to onsider the following

steps. Instead of integrating over only area [MA,MB], we also onsider a seond area

[MC ,MD]. Therefore the fator is alulated in the latter ase by exploiting (3.15).

c =

∫ MB

MA

dNS+B

dm
dm+

∫ MD

MC

dNS+B

dm
dm

∫ MB

MA

dNB

dm
dm+

∫ MD

MC

dNB

dm
dm

(3.15)

The values of the integrating areas are onsidered to be [1.7, 1.8] ∪ [1.9, 2.0] [GeV/c2],
exluding the region around the D0 mass peak, as shown in Figure 3.18. The hoie of

the mass area that is used in order to sale the bakground, depends strongly on the

form of the subtrated invariant mass yield. In partiular, it is expeted that the sub-

trated spetrum to �utuate around 0, near the D0 mass region. In the ontrary ase,

a double bakground subtration an also be performed. Namely, after the rotational

or the samesign bakground subtration, the polynomial �t is also subtrated from the

residual spetrum.
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Fig. 3.19: Invariant mass yield of K−π+/K+π− (blue). Left : along with unsaled (yan) and

saled (red) samesign
√
K−π− ⊗K+π+ bakground yields. Right : along with unsaled

(red) and saled (green) rotational bakground (at 180◦) yields. The saling area is

onsidered to be: [1.7, 1.8] ∪ [1.9, 2.0] [GeV/c2] for both ases.

3.11 The Signi�ane of a Signal

When treating with the signal extration, often it is useful to present the signi�ane

given by the general formula (3.16).

σ =
S√

S + nB
(3.16)

The fator n expresses the unertainty on the form of the B distribution. After �tting

the signal with a gaussian peak, the parameters suh as the mean value x̄ and the

standard deviation σ aquired by the �t, are reorded. In (3.16) the S, B are the

signal and bakground yields (3.17) inside a given region [x̄ − κσ, x̄ + κσ] around the

value x̄. The fator κ an vary between the values 1�3. In partiular, we onsider the

set in (3.17).

S =

∫ +κσ

−κσ

dNS

dm
dm

(3.17)

S + B =

∫ +κσ

−κσ

dNS+B

dm
dm

If S + B and B are unorrelated quantities, then a simple alulation yields for the

errors:

√
S + B is the error is δS+B for the signal and bakground, e.g. opposite sign;

and

√
B is the error is δB for the bakground, e.g. samesign.
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The error of the signal S, therefore is

δS =
√

δ2
S+B + δ2

B =
√
S + 2B (3.18)



Chapter 4
Mirovertexing Tehnique

The main fous of the urrent hapter, is the seondary vertex reonstrution method;

namely the mirovertexing tehnique. The methodology followed for the alulation of the

mirovertexing variables is also presented. In the hapter onlusion it is also presented

a study on the improvement of the resolution of traking and the improvement on the

alulation of the mirovertexing variables, by inluding the silion hits (SVT+SSD) for

every trak.

4.1 Introdution

A harged trak in the magneti �eld, is onsidered as a helix whose parameterization

is desribed thoroughly in Appendix D.1. In order to desribe the trajetory of the

harged partile's trak, one an use the following set of equations that desribe the

helix oordinates, desribed by (4.1).

x(s) = x0 +
1

κ
[cos(Φ0 + hsκ cos λ) − cos Φ0]

y(s) = y0 +
1

κ
[sin(Φ0 + hsκ cos λ) − sin Φ0] (4.1)

z(s) = z0 + s sin λ

In (4.1) the following values are used.

s is the path length along the helix;

x0, y0 and z0 is the starting point at s = s0 = 0;

λ is the dip angle;

κ is the urvature, i.e. κ =
1

R
, and R let be the radius of the helix in the xy plane;

83
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B is the z omponent of the homogeneous magneti �eld ~B = (0, 0, Bz);

q is harge of the partile in units of positron harge; and

h is the sense of rotation of the projeted helix in the xy (bending) plane.

The notion of helix is of great importane, sine it is used in order to alulate the

distane of losest approah between two traks and therefore dedue the point of the

seondary vertex. The method is explained in detail in Setion 4.2. In the following

paragraphs, the method of mirovertexing will be presented. It onsists of the method

that was developed in order to dedue the parameters needed for the reonstrution of

the D0 deay. The most fundamental parameters are listed below.

i. The distane of losest approah, denoted by DCA, between the two daughter

partiles' traks;

ii. the seondary vertex oordinates, de�ned as the point where the D0 deay takes

plae;

iii. the deay length of D0, de�ned as the distane between the primary and the

seondary verties;

iv. the distane of losest approah of the D0 to the primary vertex; and

v. the distane of losest approah of daughter partiles (K, π) to the primary vertex.

As it will be later shown, these variables will be used as a powerful tool in per-

forming the adequate uts needed for the topologial reonstrution of the D0 deay.

In addition, we refer that there exists a set of subsequent variables, that are derived

from the above ones. The desription of these variables, along with the reonstrution

method is the main topi of the disussion of Setion 4.2. Let us also mention that for

the mirovertexing alulation, the global traks are used as opposed to the primary

stated in Appendix E.

4.2 The Calulation of the Mirovertexing Variables

In the mirovertexing algorithm, the most ruial step is the determination of the

distane of the losest approah (DCA) between the daughter partiles. A detailed

desription of the method for the analytial alulation of the DCA between two traks

t1, t2 (helies) an be found in Appendix D.4. We also onsider a priori the geometrial

middle of the DCA between the two traks to be the point of the seondary vertex,

whih is de�ned as the point when the D0 deay takes plae. One the spei� point

is loalized, and with the prior knowledge of the primary vertex oordinates, on an
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event-by-event basis, we an proeed with the alulation of the deay length of the D0

andidate. In Figure 4.1 it is shown a shemati depition of a D0 deay along with

the trajetories of the daughter traks (t1 and t2) in the transverse plane (r�φ). In the

same Figure 4.1, it is marked also the primary and the seondary vertex, as well as the

DCA of daughter traks to the primary vertex.

A B

!PA
!PB

C

O
F G

H
I

(t1) (t2)

Fig. 4.1: Cartoon depiting the detail of the D0 deay along with the mirovertexing parameters.

In partiular, let us onsider:

O to be the point of the primary vertex;

C to be the point of the seondary vertex;

~OC to be the vetorial deay length of the Kπ pair;

| ~AB| to be the DCA between the daughters;

| ~OF |, (| ~OG|) to be the DCA of the t1, (t2) trak to the primary vertex, d1
0, using a

straight line approximation (in the absene of magneti �eld);

| ~OI|, (| ~OH|) to be the DCA of the t1, (t2) trak to the primary vertex, extrapolating

the helix t1, (t2) in the magneti �eld;

~PA, (~PB) to be the momentum of the t1, (t2), tangent to the point A, (B);
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~AF to be the vetor pointing towards the primary vertex, opposite in diretion to the

~PA and with magnitude the distane of the deay point A and the point of losest

approah F (to the primary vertex);

~BG to be the vetor pointing towards the primary vertex, opposite in diretion to the

~PB and with magnitude the distane of the deay point B and the point of losest

approah G (to the primary vertex);

cos θpointing with θpointing let be the angle between the D0 �ight line ( ~OC) and its

reonstruted momentum ~PD0 as alulated by (4.2), a sketh of this variable

ombining the momentum and the deay length, is shown in Figure 4.4; and

DCAD0 to be the DCA of the D0 reonstruted parent partile to the primary vertex,

whose alulation is given by (4.3).

Furthermore, let us mention that the momentum of eah trak that is used both in

the mirovertexing tehnique and in the alulation of the invariant mass, is being

alulated by propagating the trak using the helix method in the DCA between traks

as stated in Appendix D.2. In addition, onerning the alulation of the θpointing,

sine the D0 is a neutral partile, its momentum is not a�eted by the presene of

the magneti �eld, hene a straight line extrapolation of the parent momentum ~PD0 =
~PA + ~PB to the primary vertex is onsidered.

cos θpointing =
~OC · (~PA + ~PB)

| ~OC| · |~PA + ~PB|
(4.2)

Therefore the distane of losest approah of the parent is given by (4.3).

DCAD0 = | ~OC| · sin θpointing (4.3)

Finally, let us also make a note that the position vetors ~OA and ~OB with respet to

the primary vertex an be alulated simply by subtrating from eah position vetor�

with respet to the origin of the axis (x0, y0, z0)�the vetor of the primary vertex: ~KO.

In partiular by onsidering ~KO, ~KA and ~KB, the vetor of primary vertex, of the �rst

(t1) and the seond trak (t2)�with respet to the (x0, y0, z0)�the relations between

the two referene frames beome:

~OA = ~KA − ~KO (4.4)

~OB = ~KB − ~KO (4.5)
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Fig. 4.2: Cartoon depiting the angle φ2 between the planes of the deay daughters and the angle

φ1 between the normal vetors.

4.2.1 The Coplanarity of the Deay Daughters

Let us onsider the triangles OAF for the t1 trak and OGB for the trak t2, as shown
in Figure 4.1. Eah triangle, orresponds to the plane that the momentum ~p and the

~DCA lay on, for eah daughter.

A ut that allows to determine a possible D0 andidate, is the demand whether

the momentum of the Kπ pair points bak to the primary vertex. In partiular, we

an examine the relative positions of the points F,G of losest approah of the two

daughter partiles, with respet to the primary vertex. By introduing the following

ross produts

~ψ ≡ ~OF × ~AF (4.6)

~ξ ≡ ~OG× ~BG (4.7)

we de�ne the normal vetors of the planes OFA and OGB. Let us also de�ne the angle
between these two planes as φ2 and the angle between the normal vetors as φ1, as an

be seen in Figure 4.2. It is learly seen that φ1 and φ2 are supplementary angles. Also:

φ1 ≡ arccos
~ψ · ~ξ

|~ψ| · |~ξ|
(4.8)

The angle between the planes therefore is given by the relation φ2 = π − φ1. It is

important to note that this angle is not the angle between the vetors ~OF and ~OG.
We an distinguish whih Kπ pair is likely to emerge from a D0 deay, by introduing

a ut on the angle φ2.

The Angle Between the Daughter Planes

The demand for this angle to be 0 < φ2 < π/2, explaining that daughter partiles

emerging from a D0 deay, need to lay in separate spaes separated by the ~OC (�ight
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line of the D0). We an disriminate the possible D0 andidate pairs, by imposing suh

a ut as it will be later disussed. In partiular, two ases are distinguishable:

i. When the points of losest approah F,G lay on opposite sides with respet to the

�ight line ~OC as it is shown in Figure 4.3(a); and

ii. when the points of losest approah F,G for both daughter traks, lay on the same

side of the ~OC (the pair �ight line) as an be seen in Figure 4.3(b).

O

F

G

!PA

!PB
C

φ2

!ψ

!ξ

A

B

(a)

O

F

G

!PA
!PB

C

φ2

!ψ !ξ

A B

(b)

Fig. 4.3: Cartoon of Kπ daughters plane. The angle between the two planes is φ2 >
π

2
(a)

and φ2 <
π

2
(b).

4.2.2 The Angle θpointing

After the reonstrution of the parent momentum ~PD0 as well as the parent �ight line

~OC, the θpointing is de�ned as the angle between ~OC, ~PD0 , as an be seen in Figure 4.4.

A ut on the cos θpointing an be imposed, having in mind that for a the D0 signal, the

momentum is ollinear with the �ight line ~OC, yielding cos θpointing ∼ 1, as it will be
presented from the MC study, (f. Setion 5.5.5).

4.2.3 The Angle θ∗

Let us onsider the deay of the D0 both in the lab frame and the D0 rest frame. In

the latter frame, the two daughters are emitted in a bak-to-bak orrelation, beause

of the onservation of the 4-momenta. The momentum of one of the daughters is ~p ′

in the D0 rest frame. Let also denote by ~v the diretion of emission of the D0 in the

laboratory frame. Therefore the angle between ~p ′ and ~v is the θ∗ of that partile as seen
in Figure 4.4. In Appendix A.3 it is explained the exat proedure of the alulation

of the angle θ∗.
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!PD0

θpointing
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θ
∗

K

!PD0

!PK

Fig. 4.4: Left : Cartoon depiting the angle θpointing for the reonstruted D0 de�ned as the angle

between the reonstruted parent momentum and the �ight line. Right : Cartoon of the

θ∗ for the kaon trak. In the dotted line the parent momentum in the laboratory referene

frame is denoted. In the enter of mass, both daughter partiles are emitted in bak to

bak orientation.

4.2.4 The Calulation of DCAxy and DCAz

During the event reonstrution, eah trak is propagated towards the primary ver-

texand a onseutive �t is performed. The distane of the losest approah of the trak

trajetory and the event's primary vertex, is denoted by DCAxy (in the transverse

plane) and in a similar manner the DCAz is alulated along the z-axis. For eah

value of the DCAxy, DCAz the adequate error is being given, denoted by σDCAxy and

σDCAz. The total (global) DCAG of the trak in 3�D is given by (4.10). The reason

for this ut to be applied that in order to selet the traks that have a large probability

to have been generated at the primary vertex.

DCAg =

√

DCA
2
xy + DCA

2
z (4.9)

It is of extreme importane to arefully perform a ut on a maximum value of the

global DCA. In partiular we onsider

DCAg < 1.5 cm (4.10)

The distributions of the DCA along with the resolutions σDCA (both in r�φ) as well
as the ratio

DCA
σDCA are plotted in Figures 4.5 (a)�(f) for the Cu+Cu (2005) run and in

Figures 4.6 (a)�(f) for the Au+Au (2007) run.
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(a) (b)

() (d)

(e) (f)

Fig. 4.5: Distributions of DCAxy (a), DCAz (b), σDCAxy (), σDCAz (d),
DCAxy

σDCAxy (e) and DCAz
σDCAz

(f). All plots orrenspond to traks for various SVT+SSD=0 (blak), 1 (blue), 2 (green),

3 (red) and 4 (magenta) hits. Taken from the Cu+Cu at
√
snn = 200GeV (High Tower)

(run V).
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(a) (b)

() (d)

(e) (f)

Fig. 4.6: Distributions of DCAxy (a), DCAz (b), σDCAxy (), σDCAz (d),
DCAxy

σDCAxy (e) and DCAz
σDCAz

(f). All plots orrenspond to traks for various SVT+SSD=0 (blak), 1 (blue), 2 (green),

3 (red) and 4 (magenta) hits. Taken from the Au+Au at
√
snn = 200GeV (Btag) (run

VII).
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4.2.5 The Produts DCA
1
xy ·DCA2

xy and dxy,10 · dxy,20

The alulation of the DCA is performed by extrapolating the momentum of the trak

e.g. ~PA, alulated at point A to the primary vertex and alulating at that point the

DCA. As shown in Figure 4.1, the alulation of the ~OI and ~OH is being performed

taking into aount the magneti �eld and propagating the helix till the point of losest

approah to the primary vertex. From now on, we shall refer to the ~OH by the DCAxy

and DCAz, the transverse and z-omponent of the DCA.

However, for the ~OG we onsider a rather straight line propagation to the primary

vertex. The latter parameter will be denoted from now on, as the impat parameter

d0. It is lear that for high-pt partiles, the length of the sagitta approahes the null

value, (Appendix B.2) therefore both DCAxy and dxy
0 for eah trak tend to oinide.

We selet the transverse pro�le of the DCA to primary vertex for eah trak, reating

a useful variable that will be used as a ut. The produts Π1 and Π2 are de�ned as the

inner produt of the transverse DCA of the traks to the primary vertex of eah Kπ
pair.

Π1 ≡ DCA
K
xy ·DCAπ

xy (4.11)

Π2 ≡ dxy,K
0 · dxy,π

0 (4.12)

4.3 The Resolution of the DCA in Traking

In ylindrial oordinates, given the error on the measurement in the r, φ plane is σrφ

the error for the traking with momentum pt [Ferbel 87℄ is given by (4.13).

σpt

pt
=

pt · σrφ

0.3 ·B · L2

√

720

N + 4
(4.13)

In (4.13), B is the magneti �eld measured in [T], L is the range of the trak in [m]
and by N is denoted the number of points that were used to measure the trak, in a

uniform spaing among them. The error on the angle θ given the error σz, is alulated

by (4.14).

σθ =
σZ

L

√

12(N − 1)

N(N + 1)
(4.14)

4.3.1 The Multiple Coulomb Sattering

When a harged partile traverses a thin medium, then it is de�eted by many small

angle satters. The Coulomb fore from the nulei is mainly responsible for suh a de-

�etion, therefore the name Multiple Coulomb sattering (MCS). However for hadroni

projetiles, the strong interation ontributes to the total multiple sattering, as well.
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In partiular we an onsider that the de�etion angle θ0 [Amsler 08℄ is related to the

momentum p of the partile via (4.15).

θ0 =
13.6 [MeV]

βcp
z
√

x/X0

(

1 + 0.038 ln
x

X0

)

(4.15)

In (4.15) the z in the harge of the inident partile and
x

X0
refer to the target medium

thikness expressed in radiation lengths X0. Let us also note that (4.15) is valid up

to 11% for 10−3 < x
X0

< 102 and single harged inident partile (with β = 1) and all

Z of target material. Taking the MCS under onsideration and for a given material,

it is only proportional to the p−1 of the trak. In addition to the measurement error

(4.13)�(4.14), there exists also error due to the MCS e�et [Ferbel 87℄. Taking into

aount, for the transverse plane is:

σMCSpt

pt
=

0.05

BL

√

1.43
L

X0

(4.16)

and for the θ omponent resolution due to the same e�et, is:

σMCSθ =
0.015√

3 p

√

L

X0

(4.17)

It is lear from (4.13)�(4.17) that the momentum resolution improves with L2 and B,

whereas with the inrease of N it only improves by
√

N . For a total resolution we an

onsider that the σ of traking for a trak with momentum p is given by the following

formula

σ(p) =

√

a2 +
b2

p2
(4.18)

with the �rst term inorporates the measurement error, and the seond term re�ets

the MCS. In STAR experiment, it is expeted that in r�φ plane, the traking to have

a better resolution [Fisyak 07℄ than in the z dimension. In Figures 4.7: (a)�(d) the

resolution in both in r�φ and z is plotted as a funtion of p−1 for the two datasets:

Cu+Cu (run V) and Au+Au (run VII) at
√

snn = 200 GeV. In order to onstrut the

urrent 2�D distributions, we onsider or a given p interval and �xed number of hits

of the traks, SVT+SSD = C where C < 5, C ∈ Z, the distributions of the σDCAxy

and σDCAz are being plotted in 1�D distributions. The mean value x̄ (4.19) of eah

distribution, along with the adequate error (4.20), are orrelated for the orresponding

∆p−1 bin and for a �xed C.

x̄ =
1

N

N
∑

i

xi (4.19)

σ =

√

√

√

√

1

N − 1

N
∑

i

(xi − x̄)2 (4.20)
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The typial values for the resolution both in r�φ and z ylindrial omponents, for

traks with momentum of p = 1 GeV/c are summarized in Table 4.1. The overall

resolution distributions (both transverse and z omponents), as a funtion of the in-

verse momentum p−1, are shown in Figure 4.7 both for the Cu+Cu (run V) and the

Au+Au (run VII) at
√

snn = 200 GeV datasets.
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Fig. 4.7: Traking resolution in r-φ (a) and z (b) as a funtion of p−1 for traks with

SVT+SSD=0 (red), 1(green), 2(blue), 3(magenta) and 4(blak) hits. Plots (a) and (b)

reated with Cu+Cu at
√
snn = 200GeV (High Tower) data, () and (d) reated with

Au+Au at
√
snn = 200GeV (Btag) data. The blak line indiates the p = 1GeV/c.

Vertial error bars re�et the statistial error.
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Tab. 4.1: Resolution of DCAxy and DCAz values alulated at p = 1GeV/c for various

SVT+SSD ases, shown in Figure 4.7. Taken from Cu+Cu at
√
snn = 200GeV (run

V), (High Tower) and Au+Au at
√
snn = 200GeV (run VII) (Btag) data. All errors are

statistial.

SVT+SSD hits σDCAxy [µm] σDCAz [µm]

Cu+Cu

0 1983.92 ± 0.27 1304.3 ± 0.13
1 596.48 ± 0.15 830.13 ± 0.09
2 203.03 ± 0.05 201.80 ± 0.07
3 167.64 ± 0.07 116.73 ± 0.06
4 156.04 ± 0.14 101.89 ± 0.07

Au+Au

0 2248.93 ± 0.96 2117.61 ± 0.68
1 900.66 ± 0.54 1430.63 ± 0.86
2 272.00 ± 0.16 379.71 ± 0.32
3 201.25 ± 0.16 240.00 ± 0.27
4 163.52 ± 0.38 195.11 ± 0.58
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Chapter 5
Simulation Study

The main subjet of the urrent hapter, is the simulation study of the deay properties

of D0 → K−π+. The goal is to obtain a study on the deay topologial properties. The

mirovertexing ode is applied on the simulation sample allowing the omparison between

reonstruted and initial values. Also a omparison of the simulation and the data is

performed, in the �nal setions allowing a ut study on the mirovertexing variables. The

latter study allows the extration of the set of optimized values for the uts that will be

later applied on the data sample, allowing us to perform the D0 analysis.

5.1 Introdution

The STARSIM [Potekhin 06, Perevozthikov 10℄ simulation interfae is a framework

designed for the STAR detetor using the GEANT [Apostolakis 93℄ simulation pakage.

It an simulate the geometry of di�erent subsystems of the STAR detetor, as well

as partile generation. Using the STARSIM simulation pakage a pure D0 signal is

generated with the following properties. A total of approximately 4· 105 events, with

eah event ontaining 1 D0 that deays only in the hadroni hannel K−π+. The

daughter partiles are then propagated through the ensemble of the material of STAR

detetor for the year 2005, denoted by the geometry tag: y2005g [Didenko 10℄. Eah

event is generated within 30 ≤ z − vertex ≤ 30 [cm], as shown in Figure 5.1. The

daughter traks span within the η ∈ [−1, 1] area in pseudorapidity, and full azimuth

overage φ ∈ [−π, π] as an be seen in Figure 5.2. The traks' distane of losest

approah to the primary vertex both in the bending plane and in z diretion: DCAxy

and DCAz, an be seen in Figure 5.2. Finally the invariant mass of D0 with the

adequate gaussian �t an be seen in Figure 5.5. No further bakground subtration

was needed to be performed.

97
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Fig. 5.1: Primary z-vertex omponent of the generated MC events, inluding the ut of the

|vertex| < 30 cm.
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Fig. 5.2: Left : η�φ overage of the daughter partiles in the TPC spae, emerging from the sim-

ulation of D0 → K−π+ ase. Right : Correlation of distanes of losest approah to the

primary vertex (DCAxy vs. DCAz) for the daughter partiles of the D0 → K−π+ deay.

Plots reated from simulation data.
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5.2 The STARSIM Initial Values

The initial values of the deay partiles were also introdued in the STARSIM. In

partiular we present the initial deay length in Figure 5.3 (left side), as well as the

initial pt distribution as shown in Figure 5.3 (right side) for the η of theD0 (Figure 5.4).
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Fig. 5.3: Pure D0 signal reated with STARSIM. Left : D0 deay length distribution. The mean

value of the distribution is L = 158µm. Right : D0 initial pt spetrum.
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Fig. 5.4: Pseudorapidity distribution of a pure D0 signal reated with STARSIM simulation

pakage.

5.3 The Traking Resolution

The daughter traks oming from the D0 → K−π+ are extrapolated to the pri-

mary vertex and the distanes: DCAxy and DCAz are alulated, along with their

errors (σDCAxy and σDCAz). In Figure 5.6 it is presented the resolution of the

traking in the transverse plane (σDCAxy) and z-omponent (σDCAz). The method

that is applied in order to perform the study, is idential to the one applied on the
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Fig. 5.5: Simulation of D0 → K−π+ invariant mass yield along with gaussian �t (green line)

yielding the mean value of 1.858GeV/c2 and σ = 12MeV/c2.

Cu+Cu and Au+Au datasets, as desribed in Setion 4.3. Finally the values of both

the traking resolutions σDCAxy and σDCAz for traks with p = 1 GeV/c and for

various SVT+SSD hits are shown in Table 5.1. The distributions of the resolutions as

a funtion of the inverse momentum, p−1 of traks and for various SVT+SSD ases,

respeting (4.15), is presented in Figure 5.6.
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Fig. 5.6: Traking resolution as a funtion of p−1 in r�φ (left) and z (right) omponents. Taken

from simulation with geometry y2005g. The blak line indiates the p = 1GeV/c. Vertial
error bars re�et the statistial error.

5.4 The Mirovertexing Method Appliation on Monte

Carlo

In order to ompare the results of the mirovertexing method on data and Monte

Carlo, we an plot the relative di�erene of the value of eah variable reonstruted

(denoted by the tag RECO) by the mirovertexing tehnique and the initial values

of the simulation (denoted by the tag GEANT). After generating the pure D0 signal

and foring it to deay only in the hadroni hannel D0 → K−π+ we an extrat
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Tab. 5.1: Resolution of DCAxy and DCAz values alulated at p = 1GeV/c for various

SVT+SSD ases. Taken from simulation with geometry y2005g. All errors are statistial.

SVT+SSD hits σDCAxy [µm] σDCAz [µm]

0 1839.64 ± 10.34 1247.61 ± 4.03
1 535.64 ± 2.88 861.27 ± 1.68
2 210.33 ± 1.48 249.98 ± 1.69
3 162.36 ± 0.83 119.26 ± 0.67
4 139.15 ± 0.71 95.87 ± 0.36

the information of the kinematis of daughter partiles, suh as the momentum. By

propagating the daughter partiles through the STAR detetor material, we apply the

reonstrution ode, that ontains the mirovertexing tehnique. For every pair of

negative and positive traks, the seondary vertex (the point that the D0 deay takes

plae), as well as the deay length are being alulated using the method desribed

in Setion 4.2. The information is stored on an event by event basis and the values

obtained are ompared to the initial GEANT values. We present this omparison for

the following mirovertexing variables as a di�erene between the reonstruted and

initial values: ∆L ≡ GEANT − RECO. Let also note that the primary vertex is not

alulated but rather extrated from the event information and plotted in order to

guarantee that the values obtained belong to the same event.

i. The di�erene between the values of primary vertex in x, y and z, as shown in

Figure 5.7. Let us note that the only reason the omparison for the primary vertex

is performed is to make sure that the variables orresponding to the same events

are ompared eah time;

ii. the di�erene between the values of seondary vertex in x, y and z, shown in

Figure 5.9; and

iii. the di�erene between the values of deay length vertex in x, y and z, shown in

Figure 5.11.

In addition a orrelation of RECO�GEANT as a two dimensional plot is also presented:

i. The values of the primary vertex in x, y and z, obtained by GEANT vs. the

reonstruted (RECO) ones, as shown in Figure 5.8;

ii. the seondary vertex in x, y and z shown in Figure 5.10; and

iii. the deay length in x, y and z, shown in Figure 5.12.
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Fig. 5.7: Distribution of the di�erene between the reonstruted (RECO) and the initial values

(GEANT) for the primary vertex position in ∆x (a), ∆y (b) and ∆z () omponents.
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Fig. 5.8: Comparison of RECO vs. GEANT values for the primary vertex omponents: x (a), y
(b) and z ().
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Fig. 5.9: Distribution of the di�erene between the reonstruted (RECO) and the initial values

(GEANT) for the seondary vertex position in ∆x (a), ∆y (b) and ∆z () omponents.
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Fig. 5.10: Comparison of RECO vs. GEANT values for the seondary vertex omponents: x (a),

y (b) and z ().
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Fig. 5.11: Distribution of the di�erene between the reonstruted (RECO) and the initial geant

values for the deay length in ∆x (a), ∆y (b) and ∆z () omponents.
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Fig. 5.12: Comparison of RECO vs. GEANT values for the deay length omponents: x (a), y
(b) and z ().
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5.4.1 The Impat of the Silion Hits on the Mirovertexing

Variables

In order to investigate the impat of the inlusion of the Si hits in the traks, we

perform the following ut. By demanding expliitly for every trak to omply with the

ut SVT+SSD=n (where n=0�4), we alulate distributions of the:

i. The DCA between the daughter traks shown in Figure 5.13 (a);

ii. the deay length of D0 as seen in Figure 5.13 (b); and

iii. the DCA of D0 to primary vertex shown in Figure 5.13 ().

The alulation of the D0 DCA is performed by taking into onsideration the straight

line extrapolation, using (4.3). As it will be later shown in Setion 5.5, the ut on the

total SVT+SSD hits of a trak has an impat on the reonstrution of the mirovertex-

ing variables. In Table 5.2 the mean values of the reonstruted mirovertexing vari-

ables extrated from the MC dataset are summarized.

Tab. 5.2: Mean values of the mirovertexing variables for various SVT+SSD=0�4 ases.

Data is taken from simulation.

@
@

@@

variables

[cm]Si hits

DCA Deay length DCA of D0

between of D0 to

daughters primary vertex

0 0.202 0.280 0.220

1 0.114 0.172 0.124

2 0.073 0.114 0.080

3 0.058 0.090 0.063

4 0.048 0.076 0.052
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Fig. 5.13: The mirovertexing variables distribution along with the mean values for various

SVT+SSD ases=0,1,2,3 and 4. DCA between traks (a), D0 deay length (b) and

DCA of D0 to primary vertex (). All plots are normalized to their total number of

entries. Data is taken from simulation.
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5.5 The Reonstruted Mirovertexing Values Cut Study

In order to tune up the uts that will be later used for the analysis and �nd the optimal

uts for the reonstrution of the D0, a ut study is being performed on the simulation

sample, and in partiular examining the mirovertexing variables, f. Setion 4.2. Let us

onsider the distribution of the variable a both in the MC and data. The MC values of

that variable (denoted by amc) an be onsidered as the signal (S ) and the Cu+Cu data

values (denoted by adata) an also be onsidered as the bakground (B). Both variables

are presented in one dimensional
da
dN

distributions, with their integral normalized to

unity (e.g. Figure 5.14 (a) for the DCA between traks). The goal of the urrent study

is to investigate the impat of an inlusive ut (keeping the region of ∆a ≡ [a1, a2]) on
the S and B distributions. For this reason, we investigate the variation of the (5.1) in

the pre-determined interval ∆a. In addition we examine the variation of both the
S
B

and the
S√
B

in the predetermined interval. Finally, the survival perentage (denoted

by SP ); ergo the perentage ontained of the variable for eah data sample (MC and

data) in the range ∆a is also presented for every mirovertexing variable.

S ≡
∫ a2

a1

damc

dN
dN

(5.1)

B ≡
∫ a2

a1

dadata

dN
dN

In addition, the inlusion of the Si hits of eah trak in the alulation of the mirover-

texing variables, is investigated by repeating the study for the various SVT+SSD ases.

The MC dataset that is used for the urrent desribed in Setion 5.1. For the data

omparison we used the Cu+Cu at
√

snn = 200 GeV, High Tower trigger setup dataset,

(f. Chapter 6). The alulation of the variables both for MC and real data is done

using the same tehnique as desribed in Setion 4.2. Additionally, two regions will be

onsidered: [0, 1] (cm) and [0, 0.1] (cm). The following variables are used to perform

this ut study.

i. The distane of losest approah (DCA) between the daughters;

ii. the deay length of the Kπ pair; and

iii. the reonstruted DCA of the D0 (parent partile) with respet to the primary

vertex.
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5.5.1 The S/B Study for SVT+SSD>0 hits

We begin the S/B variation study by onsidering the ase where all the traks used

for this study have a total number of silion hits SVT+SSD> 0. We selet the region

[0, 1] (cm) and the variation of the S and B is examined with a step of 0.1 cm. We will

insist on the region [0, 0.1] cm by varying the ratios S/B, S/
√

B , with a more �ne step

of 0.01 cm.

The Range of Study [0, 1] cm

In Table 5.3 the values of S and B along with the ratios S/B and S/
√

B for eah mi-

rovertexing variable are summarized for the ∆a = [0, 1] (cm) range. Also the survival

perentage (SP ) in the range ∆a is also presented for every mirovertexing variable

in (b), as well as the ratios S/B () and S/
√

B (d). In partiular, the DCA between

daughter traks is plotted in Figures 5.14, the D0 deay length in Figures 5.15 and the

D0 DCA to the primary vertex in Figures 5.16.
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Fig. 5.14: DCA between traks S/B variation study for SVT+SSD>0, in the range [0, 1] (cm).
Normalized distribution of S and B (a), survival perentage per value range (b), ratio

S/B () and S/
√
B (d).
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Fig. 5.15: D0 deay length S/B variation study for SVT+SSD>0, in the range [0, 1] (cm). Nor-

malized distribution of S and B (a), survival perentage per value range (b), ratio S/B
() and S/

√
B (d).
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Tab. 5.3: S/B variation of mirovertexing variables in the [0, 1] (cm) range, for SVT+SSD>0 hits of eah trak.
@

@
@@

range (cm)

variables

[0, 0.1] [0, 0.2] [0, 0.3] [0, 0.4] [0, 0.5] [0, 0.6] [0, 0.7] [0, 0.8] [0, 0.9] [0, 1.0]

S 0.790 0.944 0.978 0.988 0.992 0.994 0.995 0.996 0.997 0.997

DCA B 0.455 0.656 0.755 0.813 0.849 0.876 0.896 0.911 0.924 0.933

between traks S/B 1.737 1.437 1.294 1.216 1.167 1.134 1.110 1.092 1.078 1.068

S/
√
B 1.171 1.166 1.126 1.096 1.077 1.062 1.051 1.044 1.037 1.032

S 0.652 0.867 0.928 0.953 0.966 0.973 0.978 0.982 0.984 0.986

D0 B 0.265 0.496 0.620 0.696 0.746 0.782 0.811 0.833 0.852 0.866

deay length S/B 2.466 1.748 1.495 1.369 1.295 1.243 1.206 1.177 1.155 1.138

S/
√
B 1.267 1.231 1.179 1.142 1.118 1.100 1.086 1.076 1.066 1.060

S 0.797 0.943 0.973 0.984 0.989 0.992 0.994 0.995 0.995 0.996

D0 DCA to B 0.459 0.682 0.779 0.833 0.869 0.894 0.913 0.929 0.941 0.950

primary vertex S/B 1.736 1.382 1.248 1.180 1.139 1.109 1.087 1.071 1.057 1.048

S/
√
B 1.176 1.142 1.102 1.078 1.061 1.049 1.040 1.032 1.026 1.022
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Fig. 5.16: D0 DCA to primary vertex S/B variation study for SVT+SSD>0, in the range [0, 1] cm.

Normalized distribution of S and B (a), survival perentage per value range (b), ratio

S/B () and S/
√
B (d).
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Range of Study [0, 0.1] cm

For the spei� range interval, the values of S and B along with the ratios S/B and

S/
√

B for eah mirovertexing variable are summarized for the ∆a = [0, 0.1] (cm)
range in Table 5.4. Conerning the graphial part, for every Figure the raw distri-

butions are given in (a), the SP in (b), along with both S/B in () and S/
√

B in

(d). In Figures 5.17 the plots referring to the DCA between daughter traks are pre-

sented. For the D0 deay length the plots are given in Figures 5.18. Finally for the D0

DCA to the primary vertex the plots are found in Figures 5.19.
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Fig. 5.17: DCA between traks S/B variation study for SVT+SSD>0, in the range [0, 0.1] (cm).
Normalized distributions of S and B (a), survival perentage per value range (b), ratio

S/B () and S/
√
B (d).
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Fig. 5.18: D0 Deay length S/B variation study for SVT+SSD>0 in the range [0, 0.1] (cm). Nor-
malized distribution of S and B (a), survival perentage per value range (b), ratio S/B
() and S/

√
B (d).



5
.5
T
h
e
R
e

o
n
s
t
r
u

t
e
d
M
i
r
o
v
e
r
t
e
x
in
g
V
a
l
u
e
s
C
u
t
S
t
u
d
y

1
1
7

Tab. 5.4: S/B variation of mirovertexing variables for di�erent ranges in the [0, 0.09] (cm) and SVT+SSD>0 hits of eah trak.

@
@

@@

range (cm)

variables

[0, 0.01] [0, 0.02] [0, 0.03] [0, 0.04] [0, 0.05] [0, 0.06] [0, 0.07] [0, 0.08] [0, 0.09]

S 0.153 0.286 0.398 0.490 0.565 0.626 0.678 0.722 0.758

DCA B 0.061 0.118 0.172 0.223 0.270 0.313 0.353 0.391 0.424

between traks S/B 2.508 2.419 2.310 2.196 2.091 1.990 1.918 1.848 1.788

S/
√
B 0.619 0.832 0.959 1.037 1.087 1.118 1.141 1.155 1.164

S 0.016 0.080 0.173 0.267 0.354 0.433 0.500 0.561 0.609

D0 B 0.002 0.012 0.033 0.062 0.095 0.129 0.165 0.199 0.232

deay length S/B 8.000 6.666 5.242 4.300 3.732 3.355 3.030 2.811 2.618

S/
√
B 0.357 0.730 0.952 1.072 1.148 1.205 1.230 1.258 1.264

S 0.074 0.204 0.333 0.442 0.533 0.607 0.669 0.719 0.760

D0 DCA to B 0.018 0.059 0.114 0.172 0.229 0.283 0.332 0.378 0.419

primary vertex S/B 4.111 3.413 2.925 2.568 2.326 2.145 2.010 1.902 1.813

S/
√
B 0.551 0.839 0.986 1.065 1.113 1.141 1.161 1.169 1.174
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Fig. 5.19: D0 DCA to primary vertex S/B variation study for SVT+SSD>0, in the range

[0, 0.1] (cm). Normalized distribution of S and B (a), survival perentage per value

range (b), ratio S/B () and S/
√
B (d).
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5.5.2 The S/B Study for SVT+SSD>1 hits

The Range of Study [0, 1] cm

In Table 5.5 the values are summarized in the interval ∆a = [0, 1] (cm) and B along

with the variation of S/B and S/
√

B in a given range. Conerning the graphial

part, for every Figure the raw distributions are given in (a), the SP in (b), along with

both S/B in () and S/
√

B in (d). The DCA between traks is shown in Figure 5.20,

the D0 deay length in Figure 5.21 and �nally the D0 DCA to the primary vertex in

Figure 5.22.
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Fig. 5.20: DCA between traks S/B variation study for SVT+SSD>1, in the range [0, 1] (cm).
Normalized distribution of S and B (a), survival perentage per value range (b), ratio

S/B () and S/
√
B (d).
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Fig. 5.21: D0 deay length S/B variation study for SVT+SSD>1, in the range [0, 1] (cm). Nor-

malized distribution of S and B (a), survival perentage per value range (b), ratio S/B
() and S/

√
B (d).
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Tab. 5.5: S/B variation of mirovertexing variables in the [0, 1] (cm) range, for SVT+SSD>1 hits for eah trak.
@

@
@@

range (cm)

variables

[0, 0.1] [0, 0.2] [0, 0.3] [0, 0.4] [0, 0.5] [0, 0.6] [0, 0.7] [0, 0.8] [0, 0.9] [0, 1.0]

S 0.941 0.990 0.996 0.998 0.998 0.999 0.999 0.999 0.999 0.999

DCA B 0.591 0.766 0.832 0.868 0.891 0.909 0.923 0.933 0.942 0.949

between traks S/B 1.591 1.293 1.197 1.150 1.120 1.098 1.082 1.070 1.059 1.052

S/
√
B 1.224 1.131 1.091 1.071 1.057 1.047 1.039 1.034 1.029 1.025

S 0.852 0.956 0.978 0.987 0.990 0.992 0.994 0.995 0.996 0.996

D0 B 0.413 0.637 0.730 0.781 0.815 0.840 0.860 0.876 0.889 0.899

deay length S/B 2.061 1.500 1.340 1.261 1.210 1.180 1.155 1.135 1.120 1.108

S/
√
B 1.326 1.197 1.145 1.116 1.096 1.082 1.071 1.063 1.056 1.050

S 0.944 0.990 0.995 0.997 0.998 0.998 0.998 0.998 0.998 0.998

D0 DCA to B 0.628 0.790 0.849 0.882 0.906 0.924 0.939 0.950 0.959 0.966

primary vertex S/B 1.502 1.253 1.173 1.129 1.100 1.079 1.063 1.050 1.040 1.033

S/
√
B 1.191 1.114 1.079 1.061 1.049 1.038 1.029 1.024 1.019 1.015
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Fig. 5.22: D0 DCA to primary vertex S/B variation study for SVT+SSD>1, in the range

[0, 0.1] cm. Normalized distribution of S and B (a), survival perentage per value range

(b), ratio S/B () and S/
√
B (d).
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Range of Study [0, 0.1] cm

For the spei� range interval, the values of S and B along with the ratios S/B and

S/
√

B for eah mirovertexing variable are summarized for the ∆a = [0, 0.1] (cm) range
in Table 5.6. Conerning the graphial part, for every Figure the raw distributions

are given in (a), the SP in (b), along with both S/B in () and S/
√

B in (d). In

Figures 5.23 the plots referring to the DCA between daughter traks are presented.

For the D0 deay length the plots are given in Figures 5.24. Finally for the D0 DCA to

the primary vertex the plots are found in Figures 5.25.

DCA between tracks [cm]
0 0.02 0.04 0.06 0.08 0.1

 E
nt

rie
s 

[a
.u

.]
N1

0

0.005

0.01

0.015

0.02

0.025 MC

DATA

(a)

DCA between tracks: integral range [cm]
[0.00,0.01] [0.00,0.02] [0.00,0.03] [0.00,0.04] [0.00,0.05] [0.00,0.06] [0.00,0.07] [0.00,0.08] [0.00,0.09]

S
ur

vi
va

l p
er

ce
nt

ag
e 

[%
]

0

20

40

60

80

100 MC

DATA

(b)

DCA between tracks: integral range [cm]
[0.00,0.01] [0.00,0.02] [0.00,0.03] [0.00,0.04] [0.00,0.05] [0.00,0.06] [0.00,0.07] [0.00,0.08] [0.00,0.09]

S
/B

1.8

2

2.2

2.4

2.6

()

DCA between tracks: integral range [cm]
[0.00,0.01] [0.00,0.02] [0.00,0.03] [0.00,0.04] [0.00,0.05] [0.00,0.06] [0.00,0.07] [0.00,0.08] [0.00,0.09]

B√
S

/

0.8

0.9

1

1.1

1.2

(d)

Fig. 5.23: DCA between traks S/B variation study for SVT+SSD>1, in the range [0, 0.1] (cm).
Normalized distributions of S and B (a), survival perentage per value range (b), ratio

S/B () and S/
√
B (d).
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Fig. 5.24: D0 Deay length S/B variation study for SVT+SSD>1 in the range [0, 0.1] (cm). Nor-
malized distribution of S and B (a), survival perentage per value range (b), ratio S/B
() and S/

√
B (d).
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Tab. 5.6: S/B variation of mirovertexing variables for di�erent ranges in the [0, 0.09] (cm) and SVT+SSD>1 hits for eah trak.

@
@

@@

range (cm)

variables

[0, 0.01] [0, 0.02] [0, 0.03] [0, 0.04] [0, 0.05] [0, 0.06] [0, 0.07] [0, 0.08] [0, 0.09]

S 0.234 0.432 0.583 0.694 0.777 0.834 0.875 0.904 0.925

DCA B 0.089 0.170 0.246 0.314 0.376 0.431 0.480 0.522 0.559

between traks S/B 2.604 2.530 2.373 2.205 2.062 1.932 1.821 1.730 1.653

S/
√
B 0.784 1.047 1.175 1.239 1.267 1.270 1.262 1.251 1.237

S 0.031 0.152 0.314 0.461 0.579 0.671 0.737 0.787 0.824

D0 B 0.004 0.025 0.065 0.117 0.173 0.229 0.282 0.330 0.374

deay length S/B 7.750 5.929 4.798 3.920 3.333 2.920 2.609 2.380 2.201

S/
√
B 0.490 0.961 1.231 1.348 1.392 1.402 1.388 1.370 1.347

S 0.137 0.358 0.550 0.682 0.775 0.837 0.880 0.908 0.928

D0 DCA to B 0.033 0.108 0.200 0.291 0.374 0.444 0.504 0.553 0.594

primary vertex S/B 4.058 3.295 2.742 2.338 2.072 1.883 1.746 1.641 1.560

S/
√
B 0.754 1.089 1.229 2.343 1.267 1.256 1.240 1.221 1.204
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Fig. 5.25: D0 DCA to primary vertex S/B variation study for SVT+SSD>1, in the range

[0, 0.1] (cm). Normalized distribution of S and B (a), survival perentage per value

range (b), ratio S/B () and S/
√
B (d).
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5.5.3 The S/B Study for SVT+SSD>2 hits

The Range of Study [0, 1] cm

In Table 5.7 it is summarized the variation of S, B as well as S/B, S/
√

B for the

∆a = [0, 1] (cm) range, for traks with SVT+SSD>2. In addition all traks omply with

the SVT+SSD>2 silion hits trak. The DCA between traks is shown in Figure 5.26,

the D0 deay length in Figure 5.27 and �nally the D0 DCA to the primary vertex in

Figure 5.28.
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Fig. 5.26: DCA between traks S/B variation study for SVT+SSD>2, in the range [0, 1] (cm).
Normalized distribution of S and B (a), survival perentage per value range (b), ratio

S/B () and S/
√
B (d).
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Fig. 5.27: D0 deay length S/B variation study for SVT+SSD>2, in the range [0, 1] (cm). Nor-

malized distribution of S and B (a), survival perentage per value range (b), ratio S/B
() and S/

√
B (d).
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Tab. 5.7: S/B variation of mirovertexing variables in the [0, 1] (cm) range, for SVT+SSD>2 hits for eah trak.
@

@
@@

range (cm)

variables

[0, 0.1] [0, 0.2] [0, 0.3] [0, 0.4] [0, 0.5] [0, 0.6] [0, 0.7] [0, 0.8] [0, 0.9] [0, 1.0]

S 0.981 0.997 0.998 0.999 0.999 0.999 0.999 0.999 0.999 0.999

DCA B 0.711 0.856 0.900 0.921 0.935 0.945 0.953 0.959 0.965 0.969

between traks S/B 1.378 1.165 1.100 1.083 1.067 1.056 1.047 1.040 1.035 1.030

S/
√
B 1.163 1.077 1.051 1.040 1.033 1.027 1.023 1.020 1.016 1.015

S 0.910 0.972 0.984 0.990 0.992 0.994 0.995 0.996 0.997 0.997

D0 B 0.534 0.741 0.815 0.853 0.877 0.895 0.907 0.918 0.927 0.933

deay length S/B 1.703 1.311 1.208 1.159 1.130 1.110 1.096 1.080 1.075 1.068

S/
√
B 1.245 1.129 1.089 1.072 1.059 1.050 1.045 1.040 1.036 1.032

S 0.973 0.995 0.997 0.998 0.999 0.998 0.999 0.998 0.999 0.998

D0 DCA to B 0.763 0.874 0.907 0.927 0.942 0.953 0.961 0.968 0.974 0.979

primary vertex S/B 1.280 1.138 1.098 1.076 1.060 1.048 1.039 1.031 1.024 1.020

S/
√
B 1.114 1.064 1.046 1.037 1.029 1.022 1.019 1.014 1.012 1.008
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Fig. 5.28: D0 DCA to primary vertex S/B variation study for SVT+SSD>2, in the range

[0, 1] (cm). Normalized distribution of S and B (a), survival perentage per value range

(b), ratio S/B () and S/
√
B (d).
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Range of Study [0, 0.1] cm

For the spei� range interval, the values of S and B along with the ratios S/B and

S/
√

B for eah mirovertexing variable are summarized for the ∆a = [0, 0.1] (cm) range
in Table 5.8. Conerning the graphial part, for every Figure the raw distributions

are given in (a), the SP in (b), along with both S/B in () and S/
√

B in (d). In

Figures 5.29 the plots referring to the DCA between daughter traks are presented.

For the D0 deay length the plots are given in Figures 5.30. Finally for the D0 DCA to

the primary vertex the plots are found in Figures 5.31.
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Fig. 5.29: DCA between traks S/B variation study for SVT+SSD>2, in the range [0, 0.1] (cm).
Normalized distributions of S and B (a), survival perentage per value range (b), ratio

S/B () and S/
√
B (d).
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Fig. 5.30: D0 Deay length S/B variation study for SVT+SSD>2 in the range [0, 0.1] (cm). Nor-
malized distribution of S and B (a), survival perentage per value range (b), ratio S/B
() and S/

√
B (d).
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Tab. 5.8: S/B variation of mirovertexing variables for di�erent ranges in the [0, 0.09] (cm) and SVT+SSD>2 hits for eah trak.

@
@

@@

range (cm)

variables

[0, 0.01] [0, 0.02] [0, 0.03] [0, 0.04] [0, 0.05] [0, 0.06] [0, 0.07] [0, 0.08] [0, 0.09]

S 0.300 0.534 0.700 0.807 0.880 0.918 0.945 0.962 0.973

DCA B 0.118 0.225 0.321 0.408 0.482 0.546 0.598 0.643 0.680

between traks S/B 2.520 2.372 2.177 1.978 1.825 1.683 1.578 1.490 1.429

S/
√
B 0.873 1.125 1.235 1.263 1.267 1.242 1.222 1.199 1.179

S 0.050 0.224 0.434 0.590 0.699 0.777 0.827 0.867 0.890

D0 B 0.008 0.043 0.105 0.180 0.257 0.328 0.391 0.446 0.493

deay length S/B 6.589 5.167 4.100 3.270 2.722 2.367 2.115 1.943 1.803

S/
√
B 0.559 1.080 1.339 1.390 1.378 1.356 1.322 1.298 1.268

S 0.196 0.471 0.678 0.799 0.870 0.912 0.936 0.955 0.964

D0 DCA to B 0.054 0.169 0.300 0.418 0.516 0.593 0.653 0.698 0.734

primary vertex S/B 3.603 2.783 2.256 1.908 1.686 1.537 1.434 1.360 1.312

S/
√
B 0.843 1.145 1.237 1.235 1.211 1.184 1.158 1.143 1.125
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Fig. 5.31: D0 DCA to primary vertex S/B variation study for SVT+SSD>2, in the range

[0, 0.1] (cm). Normalized distribution of S and B (a), survival perentage per value

range (b), ratio S/B () and S/
√
B (d).
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5.5.4 The S/B Study for SVT+SSD>3 hits

The Range of Study [0, 1] cm

In Table 5.9 it is summarized the variation of S, B, as well as S/B and S/
√
B in the

range [0, 1] (cm) for traks with SVT+SSD>3. Conerning the graphial part, for every

Figure the raw distributions are given in (a), the SP in (b), along with both S/B in

() and S/
√
B in (d). The DCA between traks is shown in Figure 5.32, the D0 deay

length in Figure 5.33 and �nally the D0 DCA to the primary vertex in Figure 5.34.
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Fig. 5.32: DCA between traks S/B variation study for SVT+SSD>3, in the range [0, 1] (cm).
Normalized distribution of S and B (a), survival perentage per value range (b), ratio

S/B () and S/
√
B (d).
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Fig. 5.33: D0 deay length S/B variation study for SVT+SSD>3, in the range [0, 1] (cm). Nor-

malized distribution of S and B (a), survival perentage per value range (b), ratio S/B
() and S/

√
B (d).
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Tab. 5.9: S/B variation of mirovertexing variables in the [0, 1] (cm) range, for SVT+SSD>3 hits for eah trak.
@

@
@@

range (cm)

variables

[0, 0.1] [0, 0.2] [0, 0.3] [0, 0.4] [0, 0.5] [0, 0.6] [0, 0.7] [0, 0.8] [0, 0.9] [0, 1.0]

S 0.997 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

DCA B 0.736 0.872 0.906 0.921 0.931 0.942 0.950 0.957 0.970 0.968

between traks S/B 1.354 1.145 1.103 1.084 1.073 1.061 1.051 1.044 1.030 1.032

S/
√
B 1.086 1.049 1.036 1.033 1.031 1.025 1.021 1.018 1.013 1.030

S 0.932 0.980 0.987 0.992 0.995 0.995 0.996 0.996 0.998 0.998

D0 B 0.526 0.718 0.795 0.836 0.863 0.880 0.895 0.906 0.916 0.923

deay length S/B 1.770 1.365 1.240 1.187 1.152 1.129 1.112 1.099 1.089 1.081

S/
√
B 0.725 0.847 0.891 0.914 0.928 0.938 0.946 0.951 0.957 0.957

S 0.977 0.998 0.999 1.000 1.000 1.000 1.000 1.000 1.000 1.000

D0 DCA to B 0.792 0.882 0.908 0.924 0.941 0.950 0.964 0.970 0.974 0.981

primary vertex S/B 1.234 1.131 1.100 1.081 1.062 1.049 1.037 1.030 1.025 1.010

S/
√
B 1.097 1.062 1.048 1.082 1.040 1.025 1.025 1.015 1.013 1.009
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Fig. 5.34: D0 DCA to primary vertex S/B variation study for SVT+SSD>3, in the range

[0, 1] (cm). Normalized distribution of S and B (a), survival perentage per value range

(b), ratio S/B () and S/
√
B (d).
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Range of Study [0, 0.1] cm

For the spei� range interval, the values of S and B along with the ratios S/B and

S/
√

B for eah mirovertexing variable are summarized for the ∆a = [0, 0.1] (cm) in

Table 5.10. Conerning the graphial part, for every Figure the raw distributions are

given in (a), the SP in (b), along with both S/B in () and S/
√

B in (d). In Fig-

ures 5.35 the plots referring to the DCA between daughter traks are presented. For the

D0 deay length the plots are given in Figures 5.36. Finally for the D0 DCA to the pri-

mary vertex the plots are found in Figures 5.37.
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Fig. 5.35: DCA between traks S/B variation study for SVT+SSD>3, in the range [0, 0.1] (cm).
Normalized distributions of S and B (a), survival perentage per value range (b), ratio

S/B () and S/
√
B (d).
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Fig. 5.36: D0 deay length S/B variation study for SVT+SSD>3 in the range [0, 0.1] (cm). Nor-
malized distribution of S and B (a), survival perentage per value range (b), ratio S/B
() and S/

√
B (d).
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Tab. 5.10: S/B variation of mirovertexing variables for di�erent ranges in the [0, 0.09] (cm) and SVT+SSD>3 hits for eah trak.

@
@

@@

range (cm)

variables

[0, 0.01] [0, 0.02] [0, 0.03] [0, 0.04] [0, 0.05] [0, 0.06] [0, 0.07] [0, 0.08] [0, 0.09]

S 0.338 0.585 0.761 0.862 0.925 0.962 0.982 0.991 0.993

DCA B 0.133 0.243 0.343 0.431 0.510 0.577 0.628 0.672 0.708

between traks S/B 2.540 2.407 2.218 1.995 1.812 1.667 1.562 1.474 1.403

S/
√
B 0.926 1.187 1.299 1.313 1.295 1.266 1.239 1.239 1.180

S 0.066 0.280 0.526 0.688 0.777 0.828 0.875 0.907 0.923

D0 B 0.005 0.043 0.104 0.176 0.248 0.322 0.382 0.436 0.485

deay length S/B 11.511 6.511 5.030 3.898 3.122 2.568 2.288 2.076 1.901

S/
√
B 0.934 1.350 1.631 1.639 1.560 1.459 1.415 1.373 1.325

S 0.225 0.540 0.751 0.846 0.905 0.938 0.961 0.970 0.974

D0 DCA to B 0.059 0.188 0.336 0.464 0.569 0.643 0.700 0.737 0.769

primary vertex S/B 3.818 2.860 2.235 1.821 1.588 1.457 1.372 1.315 1.265

S/
√
B 0.926 1.245 1.295 1.241 1.199 1.169 1.148 1.129 1.110
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Fig. 5.37: D0 DCA to primary vertex S/B variation study for SVT+SSD>3, in the range

[0, 0.1] (cm). Normalized distribution of S and B (a), survival perentage per value

range (b), ratio S/B () and S/
√
B (d).
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5.5.5 The S/B Study for the Rest of the Mirovertexing Vari-

ables

Conerning the mirovertexing variables listed below, the S/B variation study will be

treated using a di�erent range. We shall begin the study by onsidering the following

variables:

i. The angle φ2 as presented in Setion 4.2.1, de�ned as the angle between the two

planes OAF and OBG of the daughter partiles and plotted in Figure 5.38.

ii. the variable cos θpointing, (f. Setion 4.2.2), its distribution an be seen in Fig-

ure 5.38;

iii. the produt of DCA
K
xy ·DCAπ

xy (f. Setion 4.2.5) de�ned as the dot produt of the

DCA daughter traks in the transverse plane and shown in Figure 5.39; and

iv. the cos θ∗ (f. Setion 4.2.1) as seen in Figures 5.40 for the K and the π andidates;

For the cos θpointing variable we selet values in the region [a, 1]. For the angle

φ2 between the planes (as desribed in Setion 4.2.1), we an distinguish two ases.

In partiular we selet values within the range φ2 < π/2 or the range φ2 > π/2.
Conerning the inner produt of the DCA to primary vertex of the daughter traks,

DCA
K
xy ·DCAπ

xy in the region [−c, 0] (cm2). In Table 5.11, we summarize the ut study

of the above mentioned variables. Finally, let us also note that we selet only the ases

that both traks of the K−π+ omply with the SVT+SSD>0.
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Fig. 5.38: Simulation (red) and data values (blue) Left: For the angle between the planes OAF

and OBG of the daughter traks (t1 and t2). The blak line denotes the 90
◦

. Right :

Distribution of e cos θpointing. Both distributions are normalized to the total number of

entries.
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Fig. 5.39: Simulation (red) and data values (blue) for the transverse inner produt dK
0 · dπ
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and DCAK
xy · DCAπ
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Fig. 5.40: Simulation (red) and data values (blue) for the cos θ∗ for pion (left) and kaon (right)

andidates. Both distributions are normalized to the total number of entries.
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Tab. 5.11: S/B variation study of the cos θpointing, cos θ∗K , cos θ∗π along with the DCAK
xy ·DCAπ

xy
and the angle φ2 between the planes of the daughter partiles. All values are normalized

to unity and all the traks omply with the demand: SVT+SSD>0 hits.

@
@

@@

range [cm2]

variables
< −0.020 < −0.010 < 0.000 < 0.002

DCA
K
xy ·DCA

π
xy

S 0.003 0.008 0.624 0.929

B 0.084 0.132 0.537 0.729

S/B 0.041 0.065 1.163 1.275

S/
√
B 0.012 0.023 0.851 1.088

[0.80, 1.00] [0.85, 1.00] [0.90, 1.00] [0.95, 1.00]

cos θpointing

S 0.218 0.187 0.154 0.091

B 0.219 0.193 0.163 0.105

S/B 0.993 0.965 0.944 0.864

S/
√
B 0.465 0.425 0.382 0.281

[−1.00,−0.75] [−1.00,−0.50] [−1.00, 0.00] [−1.00, 0.20]

cos θ∗K

S 0.092 0.208 0.455 0.559

B 0.045 0.116 0.325 0.435

S/B 2.044 1.793 1.400 1.284

S/
√
B 0.434 0.611 0.797 0.847

[−0.20, 1.00] [0.00, 1.00] [0.50, 1.00] [0.75, 1.00]

cos θ∗π

S 0.559 0.444 0.199 0.092

B 0.434 0.315 0.109 0.045

S/B 1.284 1.408 1.812 2.044

S/
√
B 0.846 0.791 0.600 0.434

(0
◦

, 90
◦

] (90
◦

, 180
◦

]

φ2

S 0.669 0.380

B 0.642 0.406

S/B 1.042 0.928

S/
√
B 0.835 0.594
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Chapter 6
Results in Cu+Cu ollisions at

√
s
nn

= 200 GeV

In the urrent hapter, we present the results obtained by performing the analysis on the

Cu+Cu dataset at
√

snn = 200 GeV and in partiular the High Tower trigger. The various

uts along with the invariant mass plots for eah separate azimuthal ∆φ ase, and the

signi�ane of the signal are presented as well.

6.1 Introdution

During the run V two di�erent speies (p+p and Cu+Cu at various energies as stated in

Table 2.1) were used for ollisions. Our analysis fouses on Cu+Cu at
√

snn = 200 GeV
and in partiular the High Tower triggered dataset. Conerning the STAR detetor,

let us also note that the Barrel Eletromagneti Calorimeter (BEMC) as it is presented

in Setion 2.16, is partially instrumented overing in aeptane η ∈ [0, 1]. The BEMC

towers are aepted in the urrent analysis, only in the region [0, 0.7]. The latter ut

serves to avoid lots of material, lose to the edges (η = 1), rossing when the vertex

is at zc = ±30 cm. In run V the overall dataset of Cu+Cu at
√

snn = 200 GeV is

distributed in the following data trigger setup names [Dunlop 05℄.

i. ∼30 · 106 events in uProdutionMinBias; and

ii. ∼17 · 106 events in uProdutionHighTower.

The analysis is performed on the uProdutionHighTower data subset.

147
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6.2 Applied Event Cuts

6.2.1 Primary z-Vertex Cut

A primary vertex ut is performed on the z omponent, aepting only events that

omply with |z-vertex| < 30 cm. In the urrent analysis 2795681 events were pro-

essed, passing�after the z-vertex ut�2191462, and �nally aepting 26717 events,

that ontain a high-pt eletron, as seen in Figure 6.1.
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Fig. 6.1: Distribution of primary z-vertex for: all events (blue), |z-vertex|< 30 cm (red) and se-

leted (green) events for the Cu+Cu at
√
snn = 200GeV (High Tower) dataset.

6.2.2 BEMC Energy Threshold

An online ut is imposed on the energy threshold of the BEMC tower at E > 3.75 GeV,

omplying with the values of Table 3.3, for the adequate trigger. The urrent trigger

setup is used in order to obtain a high-pt triggered events, with a large probability of

ontaining an e± as the trigger partile. In addition for the eletron identi�ation the

uts desribed in Setion 3.5 are applied.

6.3 Applied Trak Cuts

6.3.1 Trak Quality Cuts

The trak seletion, inludes a ut on the |η| < 1 and the number of the points in the

TPC. In partiular nHitsTPC > 20 and
nHitsFit
nHitsPoss > 0.15, in agreement with (3.2). The

total number of seleted pairs per event, samesign (++ or −−) and unlike (+−) sign
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an be seen in Figure 6.2. Also in order to apply the mirovertexing tehnique we are

using the global traks as stated in Appendix E.

6.3.2 Partile Identi�ation Cuts

In order to identify the hadron into di�erent speies, we selet traks that omply with

the
dE
dx

ut: as desribed in Setion 3.6 and in partiular for the whole pt spetrum,

respeting (6.1).

|nSigmaKaon| < 2 and |nSigmaPion| < 3 (6.1)

A supplementary ut on the kaon andidates is also imposed involving the harge. In

partiular if the harge of the hadron is equal to the eletron harge, then the hadron

beomes a kaon andidate, as desribed in Setion 1.13. In this way, we are looking

for ontribution mainly from the cc̄ at ∆φ = 180
◦

and bb̄ at ∆φ = 0
◦

fragmentation

hannel as it is summarized in Table 1.2.
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Fig. 6.2: Unlike sign (in green) hadron pairs distribution per event for the Cu+Cu dataset, along

with the like sign (−− in blue and ++ in red). All plots are normalized to the total

number of entries.

6.4 Charged Event Multipliity and ∆φ Cuts

We begin the desription of the analysis by mentioning the uts that will be used later

on. In order to study the invariant mass yield, we perform spei� uts on the event

harged multipliity and on the ∆φ of the trigger partile (e±) and the reonstruted

K−π+/K+π− pair. We summarize the ∆φ along with the event multipliity in the

following ombinations. Also let us onsider the ∆φ ≡ φe − φpair to be the azimuthal
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di�erene between the trigger partile (e±) and the reonstruted parent partile D0.

The distribution of the multipliity for the Cu+Cu dataset an be seen in Figure 3.3

and a orrelation of the entrality bins along with the multipliity an be found in

Table 3.2.

A. No multipliity ut

I. ∆φ = 0 ± 1.2

II. ∆φ = π ± 1.2

III. No ∆φ ut

B. Multipliity<74

I. ∆φ = 0 ± 1.2

II. ∆φ = π ± 1.2

III. No ∆φ ut

C. Multipliity<104

I. ∆φ = 0 ± 1.2

II. ∆φ = π ± 1.2

III. No ∆φ ut

6.5 Mirovertexing Cuts

In addition to the event uts desribed in Setion 6.5, by applying the mirovertex-

ing tehnique desribed in Chapter 4, we onstrut the following set of uts to be

applied for every hadron pair K±π∓.

a. i. SVT+SSD > 0

ii. DCA between the daughters < 0.2 cm

iii. Deay length < 0.2 cm

iv. DCA of D0 to primary vertex (PV) < 0.2 cm

b. i. SVT+SSD > 0

ii. Deay length < 0.3 cm

iii. DCA of D0 to PV < 0.2 cm

. i. SVT+SSD > 0
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ii. DCA between the daughters < 0.04 cm

iii. DCA of D0 to PV < 0.2 cm

iv. cos θ∗K < 0.24

v. 1. Deay length < 0.30 cm

2. < 0.20 cm

3. < 0.10 cm

4. < 0.05 cm

d. i. SVT+SSD > 0

ii. DCA between the daughters < 0.3 cm

iii. Deay length < 0.3 cm

iv. DCA of D0 to PV < 0.3 cm

e. i. SVT+SSD > 0

ii. DCA between the daughters< 0.05 cm

iii. DCA of daughters to PV < 0.05 cm

iv. DCA
K
xy ·DCAπ

xy < 0.5 cm2

v. cos θpointing > 0.8

vi. pt > 0.3 GeV/c for eah daughter trak

6.6 Invariant Mass Plots

6.6.1 Results with set of uts 

After having implemented the previous uts as desribed, a major set of invariant

mass plots has been generated. In the following setions, a subset of the results for

the investigated set of uts is presented. In partiular, the event uts desribed in ∆φ
and harge multipliity�desribed in Setion 6.4�with the traks uts as desribed in

Setion 6.5∗.
In the following plots, it is presented the ase of the D0/D̄0 invariant mass yield

along with the total samesign
√

(++) ⊗ (−−) bakground and the subsequent sub-

tration. In addition to these, a polynomial �t of 7th degree along with a gaussian �t

is performed. A supplementary set of event uts is imposed, namely for the ∆φ = 0
in Figure 6.3, for the ∆φ = π shown in Figure 6.4, and without any ∆φ ut shown in

Figure 6.5.

∗The results for all uts are available in the following link http://tinyurl.om/3yd5oob for the

STAR ollaboration and are not inluded in the urrent dissertation due to spae limitations.

http://tinyurl.com/3yd5oob
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Fig. 6.3: D0/D̄0 Invariant mass yield plots obtained with ∆φ = 0 ut and set of uts . Left :

Invariant mass yield (blak) along with polynomial and gaussian �t (green). Right : Sub-

trated invariant mass yield.
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Fig. 6.4: D0/D̄0 Invariant mass yield plots obtained with ∆φ = π ut and set of uts . Left :

Invariant mass yield (blak) along with polynomial and gaussian �t (green). Right : Sub-

trated invariant mass yield.
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Fig. 6.5: D0/D̄0 Invariant mass yield plots obtained with no ∆φ ut and set of uts . Left : Invari-

ant mass yield (blak) along with polynomial and gaussian �t (green). Right : Subtrated

invariant mass yield.

6.6.2 Results with set of uts d
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Fig. 6.7: D0/D̄0 Invariant mass plots obtained with ∆φ = π, and set of uts d. Left : Invariant
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6.6.3 Results with set of uts e

Using the set of uts e, and by ombining the event set of uts ∆φ = {0, π} in

Figures 6.9�6.10 ut as well as no ∆φ ut in Figure 6.11, we obtain the following ases.
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Fig. 6.9: D0/D̄0 Invariant mass plots obtained with ∆φ = 0 ut and set of uts e. Left : Invariant
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Fig. 6.11: D0/D̄0 Invariant mass plots obtained with no ∆φ ut and set of uts e. Left : Invariant

mass (blue) yield with samesign bakground yield (green). Center : Primary bakground

subtration (blak) along with polynomial and gaussian �t (green). Right : Seondary

bakground subtration of the invariant mass yield.

Event Cut BII

By implementing the set of uts e, we are ontinuing the analysis along with the event

uts on the harge multipliity< 74 and the ∆φ, it is obtained the ase shown in

Figure 6.12.

6.7 Disussion

We have investigated the ut sets shown in Setion 6.4 and Setion 6.5 in the overall

Cu+Cu dataset at
√

snn = 200 GeV, by performing the event uts listed below:

i. Event harged multipliity with no ut and multipliity< {74, 103}; and

ii. azimuthal angular orrelation between trigger partile and the hadron pair. In

partiular it is hosen no ∆φ ut as well as ∆φ = {0, π}.

We have also presented in this hapter the results for the investigated set of uts applied

in the Cu+Cu dataset. In partiular using the set of uts  we obtained the results

shown in Setion 6.6. The results that were obtained with set of uts d are shown in

Setion 6.6.2 and �nally in Setion 6.6.3 the plots with the results obtained with set

of uts e are presented. For the like sign e�K ase whih has been investigated for the
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Fig. 6.12: D0/D̄0 Invariant mass plots obtained with harge multipliity< 74, ∆φ = π ut and

set of uts e. Left : Invariant mass (blue) yield with samesign bakground yield (green).

Center : Primary bakground subtration along with polynomial and gaussian �t. Right :

Seondary bakground subtration of the invariant mass yield.

Cu+Cu reations, in a systemati way no signal is observed for the ase of ∆φ = 0
(beauty dominant ontribution), while a signal of signi�ane of up to maximum of

2.2σ is obtained for the ∆φ = π ase (harm dominant ontribution). This trend

is followed for all the multipliity studies. The orrelation method is desribed in

Setion 1.13, and the ombinations of angular orrelation along with the harge sign

are summarized in Table 1.2. In partiular Figures 6.3, 6.6 and 6.9 show the results for

∆φ = 0 ases, while Figures 6.4, 6.7 and 6.10 show the results for the ∆φ = π ases.

As an example of a signal ase, a signal of signi�ane 2.1σ is obtained for the ∆φ = π
ase and multipliity<74�keeping the 0�30% in entrality, f. Table 3.2. The urrent

result is shown in Figure 6.12. The latter ase refers to the harm ontribution, that is

attained by ombining the like sign e�K pairs and seleting the ∆φ = π. Finally, we

summarize the results obtained, in Table 6.1.
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Tab. 6.1: D0 invariant mass along with σ and signi�ane of the signal for eah ∆φ azimuthal

orrelation in High Tower.

∆φ D0 mass [GeV/c2] σ [MeV/c2] signi�ane:
S√

S+B

0
◦

1.893 ± 0.006 10.8 ± 4.2 2.50

180
◦

1.888 ± 0.006 16.0 ± 5.0 3.04

No Cut 1.892 ± 0.005 14.7 ± 4.7 4.85



Chapter 7
Results in p+p ollisions at

√
s = 200 GeV

The main objetive of the urrent hapter is the results obtained by analyzing the p+p dataset

at
√

s = 200 GeV (run VI). In partiular we desribe the various uts that were used and

present the invariant mass plots for eah separate ∆φ ase and e�K pair harge demand. A

onlusion is also drawn about the harm and beauty ontribution for the spei� dataset.

7.1 Introdution

During the run VI in the year 2006, the silion detetors�although physially present�

were not taken under onsideration in the reonstrution hain of the events. Therefore,

for the partiular dataset sine there is no informatio on the silion hits, no mirover-

texing tehnique an be applied for the e�D0 analysis. The total dataset onsists of

approximately 213·106 events, distributed in the following subsets (prodution trigger

setup names and only physis stream) [Dunlop 06℄.

ppProdutionTrans ontaining 101865945 events;

ppProdutionLong ontaining 101367002 events;

ppProdution ontaining 8892171 events; and

pp2006MinBias ontaining 1074068 events.

Let us also mention that it is the �rst year that the BEMC (Setion 2.16), is fully

instrumented overing in η ∈ [−1, +1] aeptane.

159
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7.2 Applied Event Cuts

7.2.1 Primary z-Vertex Cut

Conerning the primary vertex z omponent, an inlusive ut is performed, keeping

events that omply with the |z-vertex| < 30 cm, as an be seen in Figure 7.1. After

proessing in total 1795274 events, and passing the z-vertex ut 480654, 19228 events

are �nally seleted. In Figure 7.1, it shown a omparative plot of the number of the

initial and �nal (seleted) events used in our analysis. In addition we selet BEMC

towers that span into the region η ∈ [−0.7, 0.7], avoiding the edges of the alorime-

ter, where traks emerging from events with primary vertex at zc = ±30, an ross

signi�ant quantity of material.

z-vertex [cm]
-200 -150 -100 -50 0 50 100 150 200

E
nt

rie
s 

[a
.u

.]

210

310

410

Entries  1795274
Entries  480654Entries  480654
Entries  19228Entries  19228

no cut
|vtxZ|<30 cm
selected

Fig. 7.1: Distribution of the z omponent of the primary vertex for: all events (blue), events

that omply with |z-vertex|< 30 cm (red) and seleted (green) events for the p+p dataset

at
√
s = 200GeV.

7.2.2 BEMC Energy Threshold

An online ut on the energy of the BEMC towers is performed, omplying with the

values of Table 3.3, for the various trigger sets that are urrently inluded in the

analysis. The values for the energy threshold of the towers vary with the trigger

seletion and an take the values E ≥ {5.0, 5.4} GeV. In addition for the seletion of

the eletrons the uts that are applied for the traks, are desribed in Setion 3.5.
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7.3 Applied Trak Cuts

7.3.1 Trak Quality Cuts

The aepted traks span within |η| < 1 and the number of the points in the TPC

omply with with (3.2), desribed in Setion 3.3. Let us also mention that we are using

the primary traks, as desribed in Appendix E.

7.3.2 Partile Identi�ation Cuts

The identi�ation of hadrons is ahieved by seleting traks that omply with the uts

desribed in (3.8). Conerning the identi�ation using the energy loss
dE
dx
, we apply

the uts desribed in Setion 3.6. For the urrent dataset, we have seleted the values

expressed in (7.1).

|nSigmaKaon| < 2 and |nSigmaPion| < 3 (7.1)

In addition, a ut on the kaon andidates is also imposed, demanding the harge of

the hadron to oinide with the eletron harge, as stated in Setion 1.13. The latter

demand an probe the cc̄ ontribution at ∆φ = π and the D0 dominantly oming from

the bb̄ fragmentation hannel at ∆φ = 0.

7.4 Invariant Mass Plots

7.4.1 Results with ∆φ = π

By applying a like sign demand between the e and K, as well as a ∆φ = π ± 1.2,
we obtain the signal of signi�ane 3σ as shown in Figure 7.2. For the alulation of

the signi�ane it was used the (3.16) by integrating over a mass area of [−3σ, 3σ] the
signal obtained and the S +B invariant mass yield.
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Fig. 7.2: Invariant Mass plots for the ∆φ = π ase for samesign e�K pair. Left : K−π+/K+π−

invariant mass yield (blue) and samesign
√
K−π− ⊗K+π+ (green). Right : Subtrated

invariant mass along with gaussian �t (green), obtaining the value of 1.888GeV/c2 and

σ = 16MeV/c2. The signal signi�ane obtained is S√
S+B

= 3.04 ( S√
B

= 3.26).

7.4.2 Results with ∆φ = 0

By performing a ∆φ = 0 and keeping the like sign demand between trigger partile

and K andidate, it is obtained Figure 7.3.

]2Invariant Mass [GeV/c
0.5 1 1.5 2 2.5 3 3.5 4

E
nt

rie
s 

[a
.u

.]

0

100

200

300

400

500  -π +/K+π -K
(--)×(++)√

 / ndf 2χ  5.649 / 9
yield     25.56± 59.32 
position  0.006± 1.893 
width     0.00424± 0.01082 

]2Invariant Mass [GeV/c
1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1

E
nt

rie
s 

[a
.u

.]

-40

-30

-20

-10

0

10

20

30

40

 / ndf 2χ  5.649 / 9
yield     25.56± 59.32 
position  0.006± 1.893 
width     0.00424± 0.01082 

Fig. 7.3: D0/D̄0 Invariant Mass plots for the ∆φ = 0 ase for samesign e�K pair. Left :

K−π+/K+π− invariant mass yield (blue) and samesign
√
K−π− ⊗K+π+ (green). Right :

Subtrated invariant mass yield along with the gaussian �t (green), resulting mean value

1.893GeV/c2, σ = 10.8MeV/c2 and signi�ane S√
S+B

= 2.50 ( S√
B

= 2.64).

7.4.3 Results with no ∆φ ut

We ontinue the analysis by removing the azimuthal angular ut ∆φ and keeping

the like sign demand between trigger partile and K andidate. In that way both

ontributions of cc̄ and bb̄ fragmentation are kept. The result obtained is shown in

Figure 7.4.
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Fig. 7.4: D0/D̄0 Invariant Mass plots with no ∆φ ut for samesign e�K pair. Left : K−π+/K+π−

invariant mass yield (blue) and samesign
√
K−π− ⊗K+π+ (green). Right : Subtrated

invariant mass yield along with the gaussian �t, yielding mean value 1.892GeV/c2 and

σ = 14.7MeV/c2 and signi�ane S√
S+B

= 4.85 ( S√
B

= 5.21).

7.5 Disussion

For the harm (C) ontribution�the ase of ∆φ = π along with the like sign pairs

e�K as mentioned in Table 1.2�a signal was observed of signi�ane 3.1σ as shown in

Figure 7.2. For the ∆φ = 0 ase and for the like sign harge demand for the e�K pair,

it is obtained a signal of signi�ane 2.50σ for the beauty (B) ontribution.

Using the e�D0 azimuthal orrelation method and the e�h (eletron-hadron) or-

relations, it is found that the beauty ontribution enhanes with pt and beomes

omparable to the harm ontribution around pt ∼ 5.5 GeV/c in p+p ollisions at√
s = 200 GeV [Mishke 09b, Geromitsos 09℄. The latter statement is shown graphi-

ally in Figure 7.5�right part. The beauty ontribution is found to be ompatible to

FONLL alulations within the unertainties [Aggarwal 10℄. Finally in Figure 7.5 the

result obtained from PYTHIA simulations �tted to the data, along with the Monte

Carlo at Next to Leading Order (MC�NLO) alulation is shown as well.

Tab. 7.1: The D0 invariant mass along with the σ and signi�ane of the signal for eah ∆φ
azimuthal orrelation.

∆φ D0 mass [GeV/c2] σ [MeV/c2] signi�ane:
S√

S+B

0
◦

1.893 ± 0.006 10.8 ± 4.2 2.50

180
◦

1.888 ± 0.006 16.0 ± 5.0 3.04

No Cut 1.892 ± 0.005 14.7 ± 4.7 4.85
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Fig. 7.5: Left : Azimuthal angular orrelation distribution of non-photoni eletrons and D0 (for

the ase of like sign e�K pairs) in p+p ollisions at
√
s = 200GeV. The systemati

unertainties are also denoted (green). The result obtained from PYTHIA simulations

�tted to the data, along with the MC�NLO alulation is shown as well (blak and blue-

dashed lines respetively). Right : The relative bottom ontribution to the non-photoni

eletron yield derived from di�erent �ts to the e�D0 azimuthal orrelation distribution is

depited (red points), along with a omparison to the e-hadron orrelations (blue points)

and to the unertainty band from a FONLL alulation (green urves). In addition, the

systemati unertainties are presented (yellow boxes). Plots taken from [Mishke 09b℄.



Chapter 8
Results in Au+Au ollisions at

√
s
nn

= 200 GeV

In the urrent hapter the desription of the results obtained performing the analysis on

the Au+Au dataset at
√

snn = 200 GeV. The analysis is also performed on the Btag as

well as the Minimum Bias triggered events. We present the various uts along with the

invariant mass plots for eah azimuthal ∆φ orrelation ase.

8.1 Introdution

During the run VII the overall dataset of the Au+Au at
√

snn = 200 GeV dataset, is

distributed in the following trigger setup names [Didenko 08℄.

i. Approximately 62 ·106 events in the 2007ProdutionMinBias, (inluding only the

physis datastream); and

ii. ∼27.9 · 106 events in the 2007Prodution2, all the datastreams.

In partiular, in the trigger setup name 2007Prodution2, the subset of events with

the Btag stream is the portion of events that the e�D0 analysis will be foused on. The

high-pt events belonging to this stream are ∼ 1.5 ·106 in total. Let us also mention that

for the Minimum biased events�in the physis stream and in the 2007Prodution2�

are approximately 18 · 106 events are inluded.

8.2 Applied Event Cuts

8.2.1 Primary z-Vertex Cut

A primary vertex ut at |z-vertex| < 20 cm is performed, allowing to selet traks, that

remain restrained in the STAR entral traking area. In total 1.461.003 events are

165
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examined (belonging in the Btag stream and the 2007Prodution2). After the above

primary z-vertex ut, 1415616 events are gathered. Finally the portion of the 93727

events used for the urrent analysis are obtained that ontain a high-pt eletron, as

an be seen in Figure 8.1.
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no cut
|vtxZ|<20 cm
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Fig. 8.1: Distribution of the z omponent of the primary vertex for: all events (blue), events

that omply with the |z-vertex|< 20 cm (red) and the seleted (green) events for the

Au+Au at
√
snn = 200GeV (Btag) dataset.

8.2.2 Quality of Runs

It was suggested by the Physis Working Group of STAR Collaboration, that a ertain

amount of runs obtained should be exluded from the analysis [Mohanty 09℄. In par-

tiular, the riterion for the seletion of runs it is examined the 〈cos φ〉 of traks versus
the run-number is plotted for several pt bins (with a bin size of 50 MeV/c and done

up to pt = 2 GeV/c). The request is whether eah run has a mean value of the 〈cos φ〉
greater than 2σ from the overall mean value desribed by (8.1).

〈cos φc〉 = −0.006

(8.1)

σcos φ = 0.003

As a result, the Btag sample is a�eted by 7.46% yielding 6847 rejeted events. For

the minimum biased events in 2007Prodution2, this demand a�ets 200 runs (or

equivalently 675.294 events), or 3.82% of the total events.
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8.2.3 BEMC Energy Threshold

The online ut implemented on the transverse energy Et of the BEMC tower threshold

is at Et > 4.75 GeV, and omplies with the energy threshold values stated in Table 3.3,

for the adequate triggers. A tower is aepted only if it is found within the pseudora-

pidity area η ∈ [−0.7, 0.7]. The latter ut is performed in order to avoid the edges of

the alorimeter where the material beomes thik, when ompared to the η = 0 region.

8.3 Applied Trak Cuts

8.3.1 Trak Quality Cuts

The quality assurane of traks is performed by demanding for eah trak to have the

TPC hits that omply with (3.2). Also traks outside the region |η| < 1 are exluded

from the analysis. After the trak uts, the total number of seleted pairs per event,

both for the samesign (++ or −−) as well as for the unlike-sign (+−) an be seen

in Figure 8.2. Also in order to perform the mirovertexing tehnique we are using the

global traks as stated in Appendix E.

8.3.2 Partile Identi�ation Cuts

The lassi�ation of hadrons into K and π is performed by seleting traks that omply

with the
dE
dx

ut as desribed in Setion 3.6. The values hosen for the urrent dataset,

are desribed in (8.2).

|nSigmaKaon| < 2 and |nSigmaPion| < 3 (8.2)

Additionally, a supplementary seletion on the kaon andidates is also imposed. In

partiular the demand of the harge of the hadron to be equal to the eletron harge,

yields a kaon andidate, that an probe a D0 produed by a cc̄ at ∆φ = 180
◦

or a bb̄ at
∆φ = 0

◦

. In the urrent dataset, we also implemented the unlike sign harge demand

between the trigger partile and the hadron, that ombined with the adequate ∆φ, it
an probe from a bb̄ fragmentation hannel. The latter harge orrelations for the cc̄
and bb̄ along with the azimuthal orrelations, are desribed in Setion 1.13.

8.4 Mirovertexing Cuts

a. i. SVT+SSD> 1

ii. DCA of daughters to primary vertex (PV)< 0.1 cm

iii. DCA between daughters< 0.1 cm
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Fig. 8.2: Unlike sign hadron pairs per event (green) distribution along with samesign (posi-

tive: red and negative blue). The plot is reated from the Btag triggered events of

Au+Au at
√
snn = 200GeV. All plots are normalized to unity.

iv. Deay Length < 0.1 cm

b. i. SVT+SSD> 1

ii. cos θ∗<0

iii. DCA between daughters< 0.06 cm

iv. DCA of parent to PV< 0.1 cm

v. Deay Length < 0.2 cm

8.5 Invariant Mass Plots

8.5.1 Results on Minimum Biased Events

By performing the set of uts a desribed in Setion 8.4, on a subset of 3.71 · 106 min-

imum biased events, we obtained the results shown in Figure 8.3, where the invariant

mass yield of D0/D̄0 is presented along with the samesign bakground
√

K−π− ⊗ K+π+ .

In addition, a polynomial �t is performed and a seondary bakground subtration is

performed as well. Let us mention that in the absene of a trigger partile, the harge

orrelation Setion 1.13, annot be applied. Therefore eah hadron an belong to both

speies as presented in Setion 3.8.1.
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Fig. 8.3: D0/D̄0 Invariant mass yield plots obtained with set of uts a on the minimum

biased events. Left : Invariant mass yield (blue) along with samesign bakground√
K−π− ⊗K+π+ (green). Center : Primary bakground subtration along with poly-

nomial (red) and gaussian (blak) �t. Right : Subtrated invariant mass yield with the

gaussian �t (blak line). The signal observed is 3.71σ. The mean value from the �t is

1.884GeV/c2 and the σ = 11MeV/c2.

8.5.2 Results on the Btag Triggered Events

In the urrent dataset, the demand of the harged trigger and kaon andidate, is

applied, allowing to perform the e�D0 orrelation method. In partiular, in Figure 8.4,

it is seen the result for the cc̄ fragmentation hannel by seleting the samesign pairs

e�K and the azimuthal angular orrelation at ∆φ = π.

8.6 Disussion

In the previous paragraphs, we have presented results obtained in the Au+Au at
√

snn =
200 GeV dataset. For the minimum biased events a signal of signi�ane of

S√
S+B

=
3.71 is observed by performing the mirovertexing set of uts a. In addition, onerning

the Btag data subset, the orrelation method�summarized in Table 1.2�of ∆φ = π
along with the unlike sign harge demand for the e�K was applied. The signal observed

by implementing the latter method along with the mirovertexing set of uts b, has a

signi�ane of
S√

S+B
= 2.18. Finally, the results are summarized in Table 8.1, obtained

in the Au+Au at
√

snn = 200 GeV dataset.
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Fig. 8.4: D0/D̄0 Invariant mass yield plots obtained with ∆φ = π ut and set of uts b. Left :

Invariant mass yield (blue). Center : Primary bakground subtration along with polyno-

mial (red) and gaussian �t (blak). Right : Subtrated invariant mass yield with gaussian

�t. The signal observed is 2.18σ. The mean value from the �t is 1.883GeV/c2 and the

σ = 10MeV/c2.

Tab. 8.1: D0 invariant mass along with σ and signi�ane of the signal for eah ∆φ azimuthal

orrelation in the Btag and the Minimum biased events for the Au+Au dataset at
√
snn =

200GeV. Let us also mention that for the e�D0 orrelation method, the unlike sign pairs

e�K are seleted.

∆φ D0 mass [GeV/c2] σ [MeV/c2] signi�ane:
S√

S+B

Minimum Bias

n/a 1.884 ± 0.004 11.0 ± 0.4 3.71

Btag trigger data

180
◦

1.883 ± 0.002 10.0 ± 0.1 2.18



Chapter 9
Results in p+p and d+Au ollisions at√

s = 200 GeV

The main fous of this hapter is the details of the methodology that was used in order

to obtain the results during run VIII, in p+p and d+Au datasets at
√

s = 200 GeV. We

desribe the various uts that are implemented and present the invariant mass plots for

eah azimuthal ∆φ ase.

9.1 Introdution

For the year 2008, the ensemble of the silion detetors was removed, allowing the low

mass run to be performed. In the absene of Silion detetors, let us mention that no

mirovertexing tehnique will be used in the analysis for the urrent dataset. For the

p+p around 27.6·106 event were taken. In partiular the physis datastream dispathed

into the following trigger setup names [Dunlop 08b℄:

∼24.4 · 106 events in ppProdution2008; and

∼0.8 · 106 events in ppProdution2008-2.

For the d+Au ase, the total number of events is ∼ 99 · 106. The physis datastream

is divided aordingly into:

∼62.9 · 106 events in prodution_dAu2008; and

∼0.68 · 106 events in prodution_mb2008.

171
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9.2 Applied Event Cuts

9.2.1 Primary z-Vertex Cut

Conerning the z omponent of the primary vertex of the event, a ut keeping the events

that omply with the |z-vertex| < 20 cm is applied, as an be seen in Figures 9.1. For

the p+p dataset, 8646010 events were analyzed, with only 2243256 passing the z-vertex
ut and �nally 81129 were kept. Conerning the d+Au dataset, a portion of 196334

events were seleted, after proessing in total ∼13·106 and only 196334 passing the

z-vertex ut.
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Fig. 9.1: Distribution of the primary vertex z omponent for the run VIII at
√
s = 200GeV. All

events (blue), |z-vertex|< 20 cm (red) and seleted (green) events. Left: For the p+p run.

Right: For the d+Au run.

9.2.2 BEMC Energy Threshold

The ut on the transverse energy Et of the BEMC towers is applied, omplying with the

values of Table 3.3. In spei� for the p+p run the values of the energy threshold are

Et ≥ {2.6, 3.6} GeV, whereas for the d+Au the values are Et ≥ {2.6, 3.6, 4.3, 8.4} GeV
depending on the spei� trigger demand. Conerning the trak uts applied for the

eletron identi�ation, the latter are mentioned in Setion 3.5.

9.3 Applied Trak Cuts

9.3.1 Trak Quality Cuts

In order to ensure good quality of traks, we selet traks are within |η| < 1, and
onerning the number of the points in the TPC for eah (3.2) is respeted. Let us

also note that we are using the global traks as stated in Appendix E.
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9.3.2 Partile Identi�ation Cuts

The identi�ation of hadron into K and π, is performed by seleting traks that omply

with the
dE
dx

ut desribed in Setion 3.6. For the kaon andidate, a supplementary ut

on is also imposed, based on the harge demand of the hadron to be equal to the

eletron harge. The latter method is presented in Setion 1.13. The values for the
dE
dx

omply with (9.1).

|nSigmaKaon| < 2 and |nSigmaPion| < 3 (9.1)

9.4 Invariant Mass Plots

9.4.1 Results in p+p

Using the ∆φ = 0 (Figure 9.2), ∆φ = π (Figure 9.3) and no ∆φ ut as shown in

Figure 9.4, we obtained the results presented in the following paragraphs.
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Fig. 9.2: D0/D̄0 Invariant mass yield plots obtained with ∆φ = 0 ut. Left : K−π+/K+π− invari-

ant mass yield (blue) and samesign
√
K−π− ⊗K+π+ yield (green). Right : Subtrated

invariant mass yield.



174 9. Results in p+p and d+Au ollisions at
√

s = 200 GeV

Event Cut with ∆φ = π ut
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Fig. 9.3: D0/D̄0 Invariant mass yield plots obtained with ∆φ = π ut. Left : K−π+/K+π− invari-

ant mass yield yield (blue) and samesign
√
K−π− ⊗K+π+ (green). Right : Subtrated

invariant mass yield.

Event Cut with no ∆φ ut
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Fig. 9.4: D0/D̄0 Invariant mass yield plots obtained and no ∆φ ut. Left : K−π+/K+π− invariant

mass yield (blue) and samesign
√
K−π− ⊗K+π+ (green). Right : Subtrated invariant

mass yield.



9.4 Invariant Mass Plots 175

9.4.2 Results in d+Au

Using the ∆φ = 0 (Figure 9.5), ∆φ = π (Figure 9.6) and no ∆φ ut (Figure 9.7),

we obtained the results shown in the following paragraphs. The samesign bakground

that was used is
√
K−π− ⊗K+π+ . Additionally the rotational bakground (at 180

◦

)

is presented as well in Figure 9.7.
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Fig. 9.5: D0/D̄0 Invariant mass yield plots obtained with ∆φ = 0 ut. Left : K−π+/K+π− invari-

ant mass yield (blue) and samesign
√
K−π− ⊗K+π+ yield (green). Right : Subtrated

invariant mass yield.

Event Cut with ∆φ = π ut
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Fig. 9.6: D0/D̄0 Invariant mass yield plots obtained with ∆φ = π ut. Left : K−π+/K+π− invari-

ant mass yield (blue) and samesign
√
K−π− ⊗K+π+ yield (green). Right : Subtrated

invariant mass yield.
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Event Cut with no ∆φ ut
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Fig. 9.7: D0/D̄0 Invariant mass yield plots obtained and no ∆φ ut. Left : K−π+/K+π− in-

variant mass yield (blue) and rotational yield at 180
◦

(red). Right : Subtrated invariant

mass yield.

9.5 Disussion

The results obtained with the p+p at
√

s = 200 GeV ase of year VIII did not ontain

the mirovertexing tehnique, sine the silion detetors were taken out of the run.

Conerning the ase of the ∆φ = 0 and like sign harge demand (f. Table 1.2) between

the trigger partile and the kaon andidate, (e�K), it is obtained a signal of
S√

S+B
=

1.18. The mean value is (1.873 ± 0.005) GeV/c2 and the σ = (10.0 ± 0.1) MeV/c2.

For the seond olliding speies of year VIII (Table 2.1), namely the d+Au at
√

s =
200 GeV, it was obtained by using a rotational bakground subtration (as desribed

in Setion 3.9.2), a signal is with signi�ane
S√

S+B
= 2.10. In the latter ase the

samesign harge demand was imposed on the e�K pair, for the kaon andidate seletion.

Additionally no ut on the ∆φ angular orrelation was implemented. The above uts

result into the mean value of (1.896± 0.003) GeV/c2 and the σ = (11.0± 0.2) MeV/c2.

The above results are summarized in Table 9.1.
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Tab. 9.1: The D0 invariant mass along with σ and the signi�ane of the signal for eah

∆φ azimuthal orrelation and for like sign harge demand for the e�K pairs for the

p+p and d+Au at
√
s = 200GeV.

∆φ D0 mass [GeV/c2] σ [MeV/c2] signi�ane:
S√

S+B

d+Au

n/a 1.896 ± 0.003 11.0 ± 0.2 2.10

p+p

0
◦

1.873 ± 0.005 10.0 ± 0.1 1.18
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Chapter 10
Novel SSD Cluster Finder

In this hapter it is presented a new Cluster Finder for the Silion Strip Detetor, utilizing the

Au+Au dataset at
√

snn = 200 GeV (run VII) data. A short desription of the de�nitions of

the pedestals and the subtration of the noise for the ladders is also presented as well. The

urrent Cluster Finder along with the novel luster �nding method are presented. Finally a

omparison of the results obtained with the two methods, is performed as well.

10.1 Introdution

The Silion Strip Detetor was physially present in run V, run VI and run VII (Cu+Cu,

p+p and Au+Au at
√

snn = 200 GeV, respetively). The detetor was taken under on-

sideration for the prodution of data, only in the Cu+Cu and Au+Au ase. Conerning

the priniple of the partile detetion via semi-ondutivity, the latter is presented in

Setion 2.8 and a thorough desription of the detetor an be found in Setion 2.10.

It is reported [Bouhet 07℄ that the number of harge lusters in p and n side exhibit

an asymmetry. In spei�, in the n side the the number of lusters is lower than the

one reorded from the p side. This is due to the high noise that the n side presents.

Sine the standard luster �nder ombines the information from both sides in order to

dedue a luster, there is an impat on the overall e�ieny of the detetor.

10.2 Calulation of the Noise

During a RHIC period of data aquisition, and in the absene of the beam, a dediated

run on the SSD noise is being performed, registering the values of all the strips, over

N events (usually N=103). The alulation of the pedestal hene is being performed

as the mean value pi = 〈xi〉 of the distribution of the signal of the i strip over these N

events and expressed in (10.1). Let us onsider the signal value of the i strip for the k
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event: xk
i (in ADC).

pi =
1

N

N
∑

k=1

xk
i (10.1)

Furthermore, the noise ni for the i strip is alulated as the standard deviation of the

distribution of the ADC signals over the sample of the N events. In mathematial form

the latter statement is expressed by (10.2).

ni =

√

√

√

√

1

N − 1

N
∑

k=1

(xk
i − pi)2 (10.2)

During the STAR data aquisition period, the values of the pedestal are stored until

the next SSD dediated run (SSD pedestal run) and an online pedestal subtration is

being performed, aording to (10.3). Let x′
i be the value of the i strip signal after the

subtration.

x′
i = xi − pi > 0 (10.3)

The values of the noise ni are stored for eah strip separately in order to be used o�ine.

Also let us note that the zero suppression takes plae for eah raw ADC value.

x′
i > ξ (10.4)

In (10.4), the value of ξ di�ers depending on the dataset. In partiular for the Cu+Cu�

run V�it was used ξ = 6ADC whether for the Au+Au�run VII�the value was raised

to ξ = 7ADC.
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Fig. 10.1: Cumulative distributions of signal (left) and noise (right) values for the p (red) and n
(blue) side of the SSD, normalised to unity. Data is taken from N = 10000 events of run

8105011 of the Au+Au at
√
snn = 200GeV dataset.
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10.3 Standard Cluster Finder

We refer to the Standard Cluster Finder, as the method that the urrent STAR Software

is using in order to look for lusters in both sides of the detetor. In partiular the

algorithm onsists of the following steps.

i. The method is applied �rst on eah wafer by seeking on both sides (p and n);

ii. only strips that satisfy
S

N
≥ 5, with S and N be the signal and noise for eah

strip;

iii. let us onsider ic a �red strip. Then the i−1 and i+1 neighboring strips are also

heked with a demand on the ratio of signal to noise omply with the
Si±1

Ni±1

<

Si

Ni
; and

iv. the lusters are ombined in both sides of the wafer, and aepted only if the

lusters in the opposite sides (p and n) are assoiated.

Let us also make a �nal note onerning the last argument. In partiular, the assoia-

tion of the lusters in both sides of the detetor, is performed taking into aount not

only the topologial hits (on p and n sides), but also a supplementary ut on the harge

mathing Qn ≃ Qp is performed. It is expeted that the partile passing through the

SSD detetion module, will deposit approximately the same amount of energy reat-

ing the same amount of eletron-holes on both sides. By using this method it is also

ensured the rejetion of the ambiguous assoiated lusters, alled ghosts.

10.4 TSpetrum ROOT Class

The main ore of the novel luster �nding method is the algorithm implemented in

the TSpetrum ROOT Class [Brun 06℄. In partiular, given a spei� spetrum, the

algorithm utilizes the Markov hain and seeks for peaks within a predetermined sigma

and threshold [Morh�a� 97b℄ interval. A Markov hain is a olletion of Markov pro-

esses ξn(t), where n = 1, 2, . . . ,∞ with the property that for a given present ondition,

the future is onditionally independent of its past [Papoulis 02℄. The latter statement,

is expressed in terms of probability P in (10.5). Therefore, if we onsider for the time

sequene that tn−1 < tn:

P [ξ(tn) ≤ ξn |ξ(t), t ≤ tn−1] = P [ξi(tn) ≤ ξn |ξ(tn−1)] (10.5)

However in the ase where we have noisy data the number of peaks in the spetrum

an be enormous�approahing the number of strips. The ase of the SSD detetor
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and espeially of the n side of the wafers, exhibits suh a behavior, as desribed in

Appendix F. In the above mentioned ase, it is therefore neessary to impose a demand

on the threshold value of the peak and to onsider only the peaks higher than this

threshold. In Figure 10.2 it is shown the ase where only three peaks were identi�ed,

by imposing a threshold at 50 units. Let us onsider a luster of hannels that build

up the peak. Also by yc we denote the value of the enter of the peak, that is also the

higher signal. The ut is then expressed by (10.6). The di�erene between the value

in the enter of the peak and the average value of the two symmetrially positioned

hannels must be greater than the threshold. The peak is ignored otherwise.

yc −
1

2
(yc−1 + yc+1) ≥ threshold (10.6)

Fig. 10.2: Seleted peaks using the TSpetrum algorithm. Left : No threshold imposed. Right :

Threshold imposed at 50 units. Figures are taken from [Morh�a� 97a℄.

10.5 Novel Cluster Finder

As stated before the new luster �nding method seeks for lusters both in p and n
side, independently, seeking 768 strips per wafer, 16 wafers per side, 2 sides per ladder,

and 20 ladders that build up the whole detetor. We onsider a luster if the entral

strip has rms ≤ 15. A gaussian �t is performed in the lusters of the strips with

predetermined values both in σ and mean value. In partiular, the demand of the �t

variables are listed below.

i. The height of the �t should not exeed the value of the entral luster strip yc;
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ii. the standard deviation should be inside the interval σ ∈ (0, 1/
√

12 ]�following the

onstant distribution�as stated Appendix C; and

iii. the mean value of the �t x′
c should be lose to the position of the entral strip of

eah luster, meaning that |x′
c − xc| ≃ 1�2 [strips].

Having imposed the above �tting parameters, the luster is �tted and the gaussian

integral A along its error δA, in the area [x′− 3σ, x′ +3σ] is also being alulated. The

luster of strips is aepted only if the (10.7) demand is ful�lled.

A

δA
≥ 5 (10.7)

10.6 Comparison Methodology

In order to obtain statistis, we performed the analysis on the following runs, by ex-

amining the SSD hits obtained on an event-by-event basis using both methods. In

partiular the low luminosity run was used: 8120057 [DePhillips 07℄, for the urrent

omparison study. In Figure 10.3 it shown the �red strips of the wafer 14, ladder 01,

both sides (p and n side). In the same Figure it is also presented the omparison of the

two methods, running on the same wafer. The old method Setion 10.3 �nds one hit

when at the same time the new luster �nder, desribed in Setion 10.5 �nds 3 hits.

Let us also mention that this result is obtained with 1 event. In order to enhane the

statistis, the method is repeated over a total number of N = 10000 events ontained

in the above low luminosity run. The results obtained with both methods are disussed

in the Setion 10.7 and a graphial omparison an be found in Figure 10.4.

10.7 Disussion

By applying both methods, namely the Standard Cluster Finder (f. Setion 10.3) and

the novel method involving the TSpetrum (f. Setion 10.5), we obtained the results

over 103 events from the low luminosity run 8120057 during the Au+Au at
√

snn =
200 GeV. In Figure 10.4 it is shown the orrelation between the lusters found by

both methods. By performing a linear �t y = ax on the satter plot, we obtain the

result that the lusters found with the novel method. Sine the two SSD sides (p and

n), exhibit di�erent signal-to-noise ratio (Appendix F), we an separate the sides and

perform a �t on the satter plot of the lusters found by the two di�erent methods.

In addition the red line shows the ase where the slope is equal to unity y = x. The

result of the �t is that the new method �nds approximately 43% more lusters than

the old method for the n-side and 51% for the p-side. Of ourse the urrent omparison

study is performed on the raw hits reorded by the detetor and not by the hits that
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Strip No.
100 200 300 400 500 600 700

A
D

C

0

50

100

150

200

 Ladder 01, wafer 14 and side 0 

(a)

Strip No.
100 200 300 400 500 600 700

A
D

C

0

50

100

150

200

 Ladder 01, wafer 14 and side 1 

(b)

Strip No.
100 200 300 400 500 600 700

A
D

C

0

50

100

150

200

Ladder: 01, wafer: 14 & side: 00

()

Strip No.
100 200 300 400 500 600 700

A
D

C

0

50

100

150

200

Ladder: 01, wafer: 14 & side: 01

(d)

Strip #
100 200 300 400 500 600 700

A
D

C

0

50

100

150

200

250

300

Ladder: 01, wafer: 14 & side: 00

(e)

Strip #
100 200 300 400 500 600 700

A
D

C

0

50

100

150

200

250

300

Ladder: 01, wafer: 14 & side: 01

(f)

Fig. 10.3: Fired SSD strips for wafer 14, ladder 01, sides p and n. for 1 event taken from the run

8120057. Left : p-side. Right : n-side. Upper : The signal of eah strip (green) along with

the noise (blak) error bars, are drawn. Middle: Cluster found by SCF ()�(d), marked

in blue star. Bottom: Plots (e)�(f), Novel Cluster Finder results, depiting the peaks

found with TSpetrum (red), passing partial requirements (blue) and the seleted ones

(blak irles along the x axis).



10.7 Disussion 185

are ombined with the rest of the detetor traking, suh as the TPC and SVT. In the

future plans it is inluded the analysis with the Monte Carlo and the re-prodution of

a portion of the Au+Au (run VII) dataset with the Novel Cluster Finder.

!

Fig. 10.4: Correlation of the number of the lusters obtained by both methods. Along with a

linear �t (blue). The red line indiates the linear funtion with slope=1. Upper : p-side.
Lower : n-side. The �tting result yields approximately 43% more lusters than the old

method for the n-side and 51% for the p-side.
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Chapter 11
Conlusion

One of the most important �ndings of the experiments at RHIC is the disovery of

anomalous quenhing of jets when passing through the dense and hot matter build

in nuleus nuleus ollisions. This quenhing is expeted indeed from the theory to

depend on the mass of the quark that pass through the medium, and in partiular it is

expeted less quenhing for heavier masses. The jet quenhing an o�er a measure for

the gluon density of the partoni medium traversed by the quark. In order to extrat

this density the model expetation must be well understood and to be ompared to

di�erent data leading to a oherent piture. An important way to ompare model and

data is to investigate the dependene of the jet quenhing on the quark masses in the

data and perform a omparison to the theory.

The heavy quarks (harm and beauty together) when measured through the non-

photoni eletron yields in heavy ion reations at
√

snn = 200 GeV at RHIC, ex-

hibit a larger suppression than the one expeted from the theoretial onsiderations

[Dokshitzer 01, Djordjevi 05℄. In order to omprehend this puzzle and to understand

better the �avor dependene of the jet quenhing, the separation of harm and beauty

ontributions as well as the measurement of their quenhing is neessary. Next to

the diret measurement of the harm, the STAR experiment is urrently utilizing two

methods that an allow the disentaglement of harm and beauty. In partiular:

i. The eletron-hadron (e�h); and

ii. the e�D0 azimuthal angular orrelations.

In the urrent work the mirovertexing tehniques have been developed and have

been applied to the datasets from Cu+Cu and Au+Au ollisions at
√

snn = 200 GeV,

in order to extrat the D0 signal through the reonstrution of its seondary deay

vertex. Furthermore, an analysis of the e�D0 azimuthal angular orrelations in the

datasets suh as Cu+Cu and Au+Au ollisions at
√

snn = 200 GeV has been performed

187
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using the above mentioned mirovertexing tehniques. Conerning the seondary vertex

reonstrution of the hadroni deay D0 → K−π+, the mirovertexing tehniques have

been tested and quality assured by performing a Monte Carlo (MC) omparison with

real data (Au+Au at
√

snn = 200 GeV). In partiular, the study of the signi�ane

of the D0 signal as a funtion of several uts on mirovertexing variables, has been

performed utilizing the signal extrated from the MC data sample and the bakground

from the real data. The study on the MC sample, leads to the optimization of the uts

and the de�nition of several ut sets whih are applied to the data.

The resolution of the STAR detetor inluding all silion detetors (SVT+SSD), is

approximately 250�300µm for the distane of losest approah to the primary vertex

(DCA) of the traks, and therefore larger than the mean deay length�in the lab

frame: βγcτ�of the D0 of ∼ 70 µm for the mean momentum of the D0 in the examined

ollisions (while cτ = 120µm). Despite the above statement, it has been shown that

the signal to bakground ratio for the D0 → K−π+ deay, is inreased without losing

signi�ant portion of the signal for the partiular uts. For example uts on the D0

deay length, the DCA of the D0 to the primary vertex as well as the DCA of the deay

daughters to the primary vertex, both in the transverse (DCAxy) and longitudinal

(DCAz) omponents.

As a result, we observe a D0 signal of signi�ane
S√

S+B
= 3.71 in a data sample

of 2.5·106 Au+Au events that were olleted after passing the minimum bias trigger,

demanding at least one hit in the silion detetors (SVT+SSD) and implementing the

mirovertexing uts in order to redue the bakground. The signi�ane is found to

inrease as expeted for the real signal with the number of events. Let us also note

that in the minimum biased events, no eletron (trigger partile) has been required to

be present.

On the other hand, in datasets suh as the Cu+Cu and Au+Au, events with a high

transverse momentum (pt) trigger partile (e
±) have been seleted by the online Barrel

Eletromagneti Calorimeter (BEMC) trigger (namely High Tower and Btag triggers

for the Cu+Cu and Au+Au datasets, respetively). We have used the eletromag-

neti alorimeter of STAR to identify the eletrons and to rejet a large part of the

photoni bakground oming from the neutral meson deays (suh as π0 and η) as

well as photon onversion γ → e−e+ in the material (hene the term photoni). The

D0 invariant mass peak is then reonstruted by the implementation of the seondary

vertex reonstrution and by the appliation of the uts that were mentioned above.

After the identi�ation of the eletron e and the D0 andidate (in the form of a Kπ

pair), we apply uts on the relative azimuthal angle (∆φ) of the eletron and the D0

andidates found. In partiular, for the eletrons with the same sign as the daughter

K oming from the deay of the D0 a relative azimuthal angle di�erene of ∆φ ≃ 0 is

expeted mainly from the beauty (bb̄) diret prodution; whene a relative azimuthal

angle di�erene around ∆φ ≃ π is expeted from the harm (cc̄) diret prodution.
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As a result we have observed the D0 signals orrelated with a high-pt eletron

found in these events whih exhibit a signi�ane up to
S√

S+B
= 2.2. The number

of the Btag events in the Au+Au ollisions at
√

snn = 200 GeV examined is about

1.5·106 events. After the applied event uts, the number of the events analyzed in the

Au+Au ollisions (Btag trigger) is ∼ 90000, while the same number is ∼ 26000 for

the Cu+Cu ollisions (High Tower triggered dataset). As a onsequene, the sample

with the tagged eletrons is muh smaller than the Au+Au events olleted with the

minimum bias trigger. In addition to this, the Au+Au minimum bias data sample is

superior when ompared to the Cu+Cu data sample as far as the aeptane of the

BEMC is onerned. In partiular, during the Cu+Cu data, only half of the BEMC

was installed, (pseudorapidity aeptane: 0 < η < 1), as opposed to the Au+Au full

aeptane (−1 ≤ η ≤ +1).

Several sets of uts have been investigated and we have observed the D0 signals

whih are andidates for the diret harm and beauty prodution. For example the

observed D0 signal appears for the relative azimuthal angles of the ∆φ = π between

the e and the D0 for the like sign (LS) eletron and kaon, in whih the diret harm

prodution (cc̄) is expeted to be the main soure as shown in the Cu+Cu analysis

dataset. For the Au+Au dataset sample, we have presented results exhibiting a D0

signal appearing for the relative azimuthal angles of ∆φ = 0 between e± and D0/D̄0. In

the latter ase for the unlike sign (ULS) eletron and kaon, the diret beauty prodution

(bb̄) is onsidered to be responsible. Further analysis on those signals is needed with the
use of orretions estimated with Monte Carlo D0 embedded in real Au+Au events,

whih are at the moment∗ under quality assurane in STAR and will be very soon

ready to use. The embedding will allow the D0 signals observed in the Au+Au events

to be orreted for the aeptane and e�ieny losses and an estimation of the ross

setions to be performed as well.

The results obtained in the urrent analysis of Cu+Cu and Au+Au ollisions with

the mirovertexing methods were possible due to the exellent performane of the Sili-

on Strip Detetor (SSD) of STAR, without whih no reliable Silion Vertex Traker hit

reonstrution is possible, due to the large number of ghosts. In the urrent work, we

have furthermore analyzed the e�D0 azimuthal angular distributions in p+p ollisions

at
√

s = 200 GeV. We have observed the D0 signal for both the harm and the beauty,

as it was expeted in the azimuthal orrelations with the eletrons. These results on-

tribute to earlier analyses of the e�D0 azimuthal angular distributions in p+p ollisions

at
√

s = 200 GeV in whih it has been found that the beauty ontribution inreases

with the pt and beomes omparable to the harm ontribution around pt ∼5.5 GeV/c.
The beauty ontribution is found to be ompatible to FONLL alulations within the

unertainties. This is an important feature for the omprehension of the jet quenhing

in heavy ion ollisions and in partiular it demonstrates that the jet quenhing puzzle

∗As of April 10, 2011.
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in heavy ion data, annot be linked to an absene of a large beauty ontribution in

p+p data in that transverse momentum (pt) range.
Conerning the tehnial part of the urrent work, it is dediated to a new peak

�nding method for the Silion Strip Detetor (SSD) inluding the TSpetrum ROOT

Class. In partiular the novel method, seeks for lusters in both sides (p and n) of the
detetor without the demand for harge orrelation and is using a di�erent peak �nder

method than previously. A preliminary result of this new method is that about 40%
more signal peaks are found with this method as ompared to the previous one. This

study is performed using data from run Au+Au at
√

snn = 200 GeV (run VII). The

new method an be used to reprodue the already taken data and is of great relevane

for the future Heavy Flavor Traker, in whih the third layer will be the SSD.

From the 2009�2010 run of STAR the full TOF detetor installation was ahieved

�rst time in STAR and will allow the better partile identi�ation from whih harm

and beauty searhes will be bene�ted onsiderably. In addition to this, the future

STAR Heavy Flavor Traker (HFT) [Bouhet 09℄, urrently under development is go-

ing to improve signi�antly the momentum resolution and will lead to a muh better

seondary vertex reonstrution resolution as ompared to the urrent silion detetor

of STAR used in the present thesis, whih was not initially oneived and optimized

for heavy �avor studies.

The exellent apabilities of the SSD detetor proven in the present and other STAR

analyses [Bouhet 07℄, lead to the inlusion of the silion strip detetor of STAR in the

future HFT. The future silion traker is oneived espeially in order to perform the

appliation of the mirovertexing tehniques for the harm and the beauty identi�a-

tion. The new developments ahieved in this thesis, namely the suessful appliation

of the mirovertexing tehniques in heavy ion environment, the extration of the D0

signal in heavy ion ollisions using suh methods and the developments on a new peak

�nder for the SSD detetor, demonstrate that harm and beauty measurements an be

performed in heavy ion ollisions despite the high trak density pushing to the limits of

the present silion detetor of STAR to suessfully perform physis beyond its initial

design, and whih are of great relevane for the future HFT detetor.
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Appendix A
Relativisti Calulation

A.1 Rapidity Relation Between Two Referene Frames

Let us onsider two inertial referene frames moving with veloity ~v with respet to

eah other. Let us also onsider a Lorentz boost parallel to the axis z, ~β = (0, 0, v
c
) .

The relations between the 4-momenta omponents beome:

E ′ = γ(E − βpz)

p′x = px

p′y = py

p′z = γ(pz − βE) (A.1)

We begin the proof by using y =
1

2
ln

E + pl

E − pl
and onsidering y′ as the rapidity in the

moving frame.

Proof.

y′ =
1

2
ln

E ′ + p′z
E ′ − p′z

=
1

2
ln

γ(E − βpz) + γ(pz − βE)

γ(E − βpz) − γ(pz − βE)

=
1

2
ln

(E + pz)(1 − β)

(E − pz)(1 + β)

=
1

2
ln

E + pz

E − pz

+
1

2
ln

1 − β

1 + β

= y + ξ
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Therefore the distribution
dN

dy
remains invariant between the relative inertial frames:

dN ′

dy
=

dN

dy
(A.2)

A.2 The Case when y ≈ η.

Let us begin the proof using the expression η = − ln tan
θ

2
. We shall also onsider the

ase that β → 1, therefore E ≃ p. Let us note that cos θ =
pz

p
and also the following

trigonometri expressions:

1 + cos θ = 2 cos2 θ

2

1 − cos θ = 2 sin2 θ

2

Proof.

y =
1

2
ln

E + pz

1 − pz

=
1

2
ln

1 + pz

E

1 − pz

E

≃ 1

2
ln

1 + pz

p

1 − pz

p

=
1

2
ln

1 + cos θ

1 − cos θ

=
1

2
ln

cos2 θ
2

sin2 θ
2

=
1

2
ln

1

tan2 θ
2

= − ln tan
θ

2
= η
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A.3 The angle θ∗

The angle θ∗ is de�ned as the angle between the momentum of the parent partile in

the lab frame, and the momentum of the daughter partile in the CMS, as stated in

(A.3) for the ase of the kaon. Let us onsider the Gottfried-Jakson referene frame.

cos θ∗K ≡ ~p ′
K · ~PD0

|~p ′
K ||~PD0 |

(A.3)

In the laboratory frame we measure only the ~p for the daughters and reonstrut the

parent ~P . Conerning the enter of mass system (CMS), the same daughter partile

momentum is denoted by p′ and the deay of D0 → K−π+ results for the deay

partiles to be emitted in a bak-to-bak orientation. By applying the inverse Lorentz

boost desribed by (A.1) we an alulate the momentum of the daughter partile in

the CMS, e.g. ~p ′
K for the K andidate. Hene (A.3) an be re-written as (A.4).

cos θ∗K =
(~pK + ~βD0EK) · ~PD0

|~pK + ~βD0EK ||~PD0 |

=
~pK · ~PD0 + P 2

D0

EK

E
D0

|~pK + ~βD0EK ||~PD0 |
(A.4)

=
|~pK | cos θK + PD0

EK

E
D0

|~pK + ~βD0EK |

=
|~pK | cos θK + βD0EK

|~pK + ~βD0EK |

Let us note that the angle θK is alulated in the lab frame as the angle between the

momentum of the K and that of the D0 as desribed by (A.5).

cos θK =
~pK · ~pD0

|~pK ||~pD0| (A.5)

Therefore (A.4), is transformed into (A.6).

cos θ∗K =

~pK ·~p
D0

|~p
D0 | + βD0EK

|~pK + ~βD0EK |
(A.6)

Conerning the alulation of the D0 energy, the mass is onsidered to be the invariant

mass of the Kπ pair: MKπ as stated in (A.7).

MKπ =
√

EKEπ − ~pK · ~pπ (A.7)
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In partiular the energy of the parent partile is given by (A.8).

ED0 =
√

(~pK + ~pπ)2 +M2
Kπ (A.8)

On the other hand, for the alulation of the energy of the daughter K (and of the

π), the energy is alulated by using the nominal mass values of mK = 0.493 GeV/c2

(mπ = 0.140 GeV/c2) and the (A.9).

EK,π =
√

p2
K,π +m2

K,π (A.9)

A.4 Energy in the Center of Mass for Fixed Target

and Collider Experiments

Let E1 be the energy of the beam of partiles m1 that hit partiles of mass m2 with

E2. The energy at the CMS an be alulated using the square of the 4 momenta, as

expressed below, in the laboratory frame.

pµpµ = E2
tot − ~p 2

tot

= (E1 + E2)
2 − (~p1 + ~p2)

2

= p2
1 +m2

1 + p2
2 +m2

2 + 2E1E2 − (p2
1 + p2

2 + 2~p1 · ~p2)

= m2
1 +m2

2 + 2(E1E2 − ~p1 · ~p2) (A.10)

In the enter of mass the invariant mass is given by (A.11).

pµpµ = Ẽ2
tot − ~̃p 2

tot (A.11)

Sine in the CMS the total momentum is |~ptot| = 0 then (A.11), is transformed into

(A.12).

pµpµ = Ẽ2
tot (A.12)

Sine the quantity pµpµ is invariant, relations (A.12) and (A.10) are equal, yielding:

Ẽ2
tot = m2

1 +m2
2 + 2(E1E2 − ~p1 · ~p2) (A.13)

Furthermore we distinguish the two separate ases: for �xed target desribed in Se-

tion A.4.1 and ollider as desribed in Setion A.4.2.

A.4.1 Fixed Target

For the �xed target experiment, we an onsider that |~p2| = 0 yielding E2 = m2.

Therefore, (A.13) is transformed into (A.14).

Ẽtot =
√

m2
1 +m2

2 + 2E1m2 (A.14)
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In the ultra-relativisti regime where E1 ≫ m1,m2 then the available energy (A.14),

in the enter of mass (CMS) is a funtion of the square root of the olliding energy

beam (
√

E1 ) for a given target mass m2.

A.4.2 Collider

In the ase of a ollider, there are two anti parallel beams of (E1, p1) and (E2, p2), with

~p1 ↑↓ ~p2. Therefore (A.13), beomes (A.15).

Ẽtot =
√

2(E1E2 + |~p1||~p2|) + m2
1 + m2

2 (A.15)

In the ultra-relativisti limit p → E or equivalently m → 0, yields (A.16).

Ẽtot =
√

4E1E2 (A.16)

Finally in the ase of equal energy beams (E1 = E2 = E), the available energy Ẽtot

is only a funtion of the 2E. As a graphial representation, Figure A.1 depits both

ases (�xed target and ollider) onerning the available energy at the CMS
√

s as

a funtion of the E. In Table A.1 the values of the energies are shown both for the

ollisional as well as �xed target experiments used in heavy-ion physis.

E [GeV]
0 10 20 30 40 50 60 70 80 90 100

 s
 [G

eV
]

√

0

20

40

60

80

100

120

140

160

180

200 2 E
 10× E √

Fig. A.1: Available energy at the CMS (
√
s ) as a funtion of the energy (E) of the inident beams,

for the ollider E1 = E2 ≡ E (red line) and for �xed target (blue line) ases. Let us note

that in the latter ase the mass of the target is onsidered to be m2 = 50GeV/c2, hene

the multipliation fator.
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Tab. A.1: Charateristis of heavy ion aelators. Available energy in the CMS per nuleon pair

is denoted by
√
snn . Values are taken from [Aurenhe 05℄.

Aelerator Name AGS SPS RHIC LHC

Operational year 1992 1994 2001 2010

Subategory �xed target �xed target ollider ollider

Cirumferene [km] 0.8 7.0 4.6 27.0

Colliding speies Au+Au Pb+Pb Au+Au Pb+Pb

√
snn [GeV] 4.8 17.3 200 5500



Appendix B
Kinematis

B.1 Isotropi Deay

Let us onsider the angle of the emission of a partile between the momentum of

the partile and a given vetor. By isotropi deay, we refer to the onstant angular

distribution of the partile emission in that frame, regardless of the position in spae,

where the detetion takes plae. In partiular:
dN
dΩ

= C, where C is a onstant and the

solid angle is de�ned as dΩ = dφ d(cos θ).

dN

dΩ
=

dN

dφd cos θ
=

dN

dφdθ

1
d cos θ

dθ

= − 1

sin θ

dN

dφdθ
∝ 1

sin θ

dN

dθ

yielding:

dN

dθ
∝ sin θ (B.1)

Sine
dN
dθ

= − dN
d cos θ

sin θ and using (B.1), yields
dN

d cos θ
∝ M, with M a onstant.
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Fig. B.1: Distribution of the angle θ (left) and cos θ (right) for the ase of an isotropi deay.

Plots reated using pseudo-random numbers.

Therefore the isotropi deay distribution is �at in cos θ but not in θ as an be observed

in Figure B.1.
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B.2 Sagitta

In the transverse plane (r�φ) the trak of a harged partile, an be projeted as a

irular ar under the in�uene of the magneti �eld Bz, as it is shown in Figure B.2.

By sagitta we refer to the depth of an ar given by (B.2).

s = r −
√
r2 − l2 (B.2)

The transverse momentum of a trak an be related to the sagitta as desribed in

Fig. B.2: Cartoon depiting the sagitta (s) of a trak, the half length of the base of the ar (l)
and the radius of the irle (r). Figure is taken from [Wiso 10℄.

the following lines. In partiular, let us onsider the pt alulation given by (2.2) and

that all the traks are harged with ±|qe|. Putting all these together, the value of the

sagitta s [m] is given by (B.3).

s =
1

λ

[

pt −
√

p2
t − (λl)2

]

(B.3)

where pt is measured in units of [GeV/c]. In the ase of the magneti �eld Bz = 0.5 T�
like in STAR detetor�and for a positive harged trak (+qe), this onstant has value
of λ = 0.15 GeV/m. Additionally, in Figure B.3, the distribution of the sagitta s for

the di�erent transverse lengths l as a funtion of the pt of the trak is depited, having

been alulated by (B.3). In Table B.1 the values of the sagitta s are summarized for

various pt and transverse trak lengths l values.
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Fig. B.3: Plots of the sagitta s as a funtion of the transverse momentum pt and for the di�er-

ent transverse trak lengths l: 180 cm (blue), 130 cm (red), 90 cm (green), and 50 cm (

magenta). Calulated by (B.3). The magneti �eld is onsidered to be Bz = 0.5T.

Tab. B.1: Sagitta s values of the traks as a funtion of the radius r, the transverse momentum

pt and the urvature κ, for the magneti �eld of 0.5T. Also the ratio s/r is given in [%].
The transverse trak length l is onsidered to be �xed at 180 cm.

pt [GeV/c] s [cm] r [cm] κ [cm−1] s/r [%]

0.61 42 407 0.00246 10.31

0.72 35 480 0.00208 7.29

0.99 25 660 0.00151 3.78

1.23 20 820 0.00121 2.43

1.36 18 909 0.00110 1.98

1.53 16 1020 0.00097 1.56

3.04 8 2029 0.00049 0.39

6.08 4 4052 0.00024 0.09

8.10 3 5402 0.00018 0.05

11.0 2 7333 0.00013 0.0002
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Appendix C
Statistis

C.1 The Uniform Distribution

Let us onsider the ase where the variable x is equally distributed, among the interval

[a, b], following the uniform distribution. The probability density funtion f(x) is given
by (C.1).

f(x) =

{

K, a ≤ x ≤ b
0, otherwise

(C.1)

let be K a onstant. The normalization of the funtion f(x) imposes that

∫ b

a

dxf(x) = 1 (C.2)

yielding

K =
1

b − a
(C.3)

The mean value is given by (C.4)

〈x〉 ≡
∫ b

a

dx xf(x) (C.4)

or equivalently

〈x〉 = Kx2

2

∣

∣

∣

∣

b

a

=
1

b − a

b2 − a2

2
=

b + a

2
(C.5)

In order to alulate the variane given by (C.6)

σ2 = 〈x2〉 − 〈x〉2 (C.6)
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�rst we have to alulate the quantity

〈x2〉 =

∫ b

a

dx x2f(x) (C.7)

therefore

〈x2〉 = Kx3

3

∣

∣

∣

∣

b

a

=
1

b − a

b3 − a3

3
=

1

3
(a2 + ab + b2) (C.8)

The variane then beomes:

σ2 =
1

3
(a2 + ab + b2) − (b + a)2

4
=

1

12
(a − b)2

(C.9)

Finally aepting the non negative roots of (C.9), the standard deviation is given by

(C.10).

σ =
|a − b|√

12
(C.10)

For the ase where a = 0, b = 1, 〈x〉 = 0.5 and σ =
1√
12

as it is graphially depited

in Figure C.1.

Mean    0.499
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Fig. C.1: Constant distribution of pseudo-random number within the interval [0,+1℄. The mean

value is 〈x〉 = 0.5 and the standard deviation σ =
1

12
≃ 0.288.



Appendix D
Helix

D.1 Helix Parameterization

The trajetory of a harged partile in a stati uniform magneti �eld with ~B =
(0, 0, Bz) is a helix. In priniple �ve parameters are needed to de�ne suh a he-

lix [van Buren 06℄. From the various possible parameterizations we desribe here the

version whih is well suited for the geometry of a ollider experiment and therefore

used for the implementation of the StHelix lass. This parameterization desribes the

helix in Cartesian oordinates, where x, y and z are expressed as funtions of the trak

length (s). In partiular it is de�ned:

x(s) = x0 +
1

κ
[cos(Φ0 + h s κ cos λ) − cos Φ0] (D.1)

y(s) = y0 +
1

κ
[sin(Φ0 + h s κ cos λ) − sin Φ0] (D.2)

z(s) = z0 + s sin λ (D.3)

The following variables are also de�ned and will be used from now on:

s is the path length along the helix;

x0, y0, z0 is the starting point at s = s0 = 0;

λ is the dip angle;

κ is the urvature, i.e. κ = 1/R;

B is the z omponent of the homogeneous magneti �eld B = (0, 0, Bz);

q is harge of the partile in units of positron harge;
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h is the sense of rotation of the projeted helix on the transverse (xy) plane taking

into aount the harge q and the magneti �eld B, i.e. h = −sgn(q · B) = ±1;

Φ0 is the azimuth angle of the starting point (in ylindrial oordinates) with respet

to the helix axis: Φ0 = Ψ − hπ/2 ; and

Ψ is the arctan
dy

dx

∣

∣

∣

∣

s=0

, i.e. the azimuthal angle of the trak diretion at the starting

point.

The meaning of the di�erent parameters is visualized in Figure D.1.

0 0(x  , y )

Φ0

iy

x

Ψ
R

s > 0

s < 0cc(x , y )

(x , y )i

xy

z0 p
t

pz

z

λ

p

s

Fig. D.1: Helix parameterization. Left : Projetion of a helix on the xy-plane. The rosses mark

possible data points. Right : Projetion of a helix on the sz-plane.

D.2 Calulation of the Partile Momentum

The irle �t in the xy-plane gives the enter of the �tted irle (xc, yc) and the ur-

vature κ = 1/R while the linear �t gives the values of z0 and tan λ. The phase of the

helix (f. Figure D.1) is de�ned as follows:

Φ0 = arctan
y0 − yc

x0 − xc

(D.4)

The referene point (x0, y0) is then alulated as follows:

x0 = xc +
cos Φ0

κ
(D.5)

y0 = yc +
sin Φ0

κ
(D.6)
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and the helix parameters an be evaluated as:

Ψ = Φ0 + hπ/2 (D.7)

p⊥ = c q B/κ (D.8)

pz = p⊥ tan λ (D.9)

p =
√

p2
⊥ + p2

z (D.10)

where κ is the urvature in [m−1℄, B the value of the magneti �eld in [T℄, c the speed

of light in [m/ns℄ (≈ 0.3) and p⊥ and pz are the transverse and longitudinal momentum

in [GeV/c].

D.3 Distane Measurement Between a Point and a

Helix

The minimal squared distane Mi between a helix and a point i with position (xi, yi, zi)
is given by

Mi = M
(xy)
i + M

(z)
i (D.11)

Mi = [xi − x(s′)]2 + [yi − y(s′)]2 + [zi − z(s′)]2 (D.12)

In literature one �nds the following approah to solve this problem analytially by

negleting M
(z)
i in the derivatives.

dMxy
i

ds
= 0 (D.13)

This formula an only serve to derive an approximation for the real distane. For large

dip angles the errors beome large depending also on the atual helix parameters. The

advantage is that s′ an be alulated analytially:

s′ =
1

hκ cos λ
arctan

(yi − y0) cos Φ0 − (xi − x0) sin Φ0

1/κ + (xi − x0) cos Φ0 + (yi − y0) sin Φ0

(D.14)

Note, that this formula an not be used to derive the distane of losest approah to

a point. In order to derive the distane of losest approah the following equation has

to be solved:

dMi

ds
= 0 (D.15)
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whih an be written as

2

(

xi − x0 −
cos(Φ0 + hsκ cos λ) − cos Φ0

κ

)

sin(Φ0 + hsκ cos λ) h cos λ −

2

(

yi − y0 −
sin(Φ0 + hsκ cos λ) − sin Φ0

κ

)

cos(Φ0 + hsκ cos λ) h cos λ −

2 (zi − z0 − s sin λ) sin λ = 0 (D.16)

The root of (D.16) an easily be found with the Newton or regula falsi method with s′

from (D.14) as starting value. For the Newton method the seond derivative is needed

as well.

d2Mi

ds2
= 0 (D.17)

whih is

2 (sin(Φ0 + hsκ cos λ))2
h2 cos2 λ +

2

(

xi − x0 −
cos(Φ0 + hsκ cos λ) − cos Φ0

κ

)

cos(Φ0 + hsκ cos λ)h2κ cos2 λ +

2 (cos(Φ0 + hsκ cos λ))2
h2 cos2 λ +

2

(

yi − y0 −
sin(Φ0 + hsκ cos λ) − sin Φ0

κ

)

sin(Φ0 + hsκ cos λ)h2κ cos2 λ +

2 sin2 λ = 0 (D.18)

D.4 Distane of Closest Approah Between Two He-

lies

The losest distane between two helies H1 and H2 is a problem whih again an be

solved analytially only in 2 dimensions, i.e. in the xy-plane, (f. Figure D.2). The

solution in 3 dimensions annot even be solved by standard numerial methods (as the

Newton method) but requires a more sophistiated method sine we have to �nd 2

unknown parameters, namely the s1 and s2 in

d2M(s1, s2)

ds1ds2

= 0 (D.19)

where M is the distane between the two helies at s1 and s2.
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, yxj j

Fig. D.2: Cartoon of the two interseting helies in the transverse (xy) plane.

D.4.1 In the Transverse Plane

Given two helies with radii R1 and R2 and enters in the xy plane O1 = (xc1 , yc1) and
O2 = (xc2 , yc2) we have to �nd the vetor ~a as depited in Figure D.2. The angle α an

be therefore alulated as:

cos α =
R2

1 + |~r|2 − R2
2

2R1|~r|
(D.20)

where ~r is the vetor between the two enters. The absolute oordinates of one inter-

setion point (measured from o1) an be obtained by alulating vetor ~a and adding

o1.

xi = xc1 + R1[(xc2 − xc1) cos α − (yc2 − yc1) sin α]/|~r| (D.21)

yi = yc1 + R1[(xc2 − xc1) sin α + (yc2 − yc1) cos α]/|~r| (D.22)

If cos α = 1 we have only one solution. For the ase where cos α < 1, we get two valid

intersetion points (xi, yi) and (xj, yj) where the latter is simply given by:

xj = xc1 + R1[(xc2 − xc1) cos α + (yc2 − yc1) sin α]/|~r|; (D.23)

yj = yc1 + R1[(yc2 − yc1) cos α − (xc2 − xc1) sin α]/|~r|; (D.24)
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In the ase of cos α > 1, the irles do not interset. Therefore the distane of losest

approah is simply given by the intersetion of a line between the two enters and the

two helies. Consequently, for the helix H1 we get:

x = xc1 + R1(xc2 − xc1)/|~r|; (D.25)

y = yc1 + R1(yc2 − yc1)/|~r|; (D.26)

D.4.2 In 3 Dimensions

Usually an iteration method is applied whih uses the intersetion points in the xy-
plane as start values. Care has to be taken if both helies have di�erent dip angle λ
sine the start values then signi�antly deviate from the atual solution.

D.5 Intersetion with a Cylinder (ρ=onst)

In order to obtain the path length s at whih the helix intersets with a ylinder of

given radius ρ we have to solve the following equation:

ρ2 = x(s)2 + y(s)2
(D.27)

Using (D.1) and (D.2) we obtain the two analyti solutions for s1 and s2:

s1/2 = −
(

Φ0 + 2 arctan
[{

2 y0 κ − 2 sin Φ0 ±
(

−κ2
(

−4 ρ2 + 4 y0
2 − 2 ρ2κ2x2

0−
2 ρ2κ2y0

2 + 2 x0
2κ2y0

2 + ρ4κ2 + x0
4κ2 + y0

4κ2 − 4 x0
3κ cos Φ0+

4 x0
2 cos2 Φ0 − 4 y0

2 cos2 Φ0 − 4 y0
3κ sin Φ0 + 4 ρ2κ x0 cos Φ0+

4 ρ2κ y0 sin Φ0 − 4 x0
2κ y0 sin Φ0 − 4 y0

2κ x0 cos Φ0+

8 x0 cos Φ0 y0 sin Φ0)]
1/2

}

/ (D.28)

(

−ρ2κ2 + 2 + x0
2κ2 + 2 cos Φ0 + y0

2κ2−
2 x0 κ − 2 x0 κ cos Φ0 − 2 y0 κ sin Φ0)]) h−1κ−1 (cos λ)−1

D.6 Intersetion with a Plane

Any plane an be desribed by its normal vetor ~n (orientation) and an arbitrary point

in this plane ~r (position). The vetor ~p whih desribes the intersetion point must

ful�ll:

~p · ~n = 0. (D.29)

Hene:

(~a − ~r) · ~n = 0. (D.30)
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Fig. D.3: Sketh depiting the intersetion of a helix with a plane.

where ~a is given by ~a = (x(s′), y(s′), z(s′)) as desribed in (D.1)�(D.3). In order

to obtain the path length s′ where the helix intersets with the plane the following

equation has to be solved:

x(s)nx + y(s)ny + z(s)nz − ~r · ~n =

A + nx cos S + ny sin S + κsnz sin λ = 0 (D.31)

where:

A = κ(~o · ~n − ~r · ~n) − nx cos Φ0 − ny sin Φ0 (D.32)

S = hsκ cos λ + Φ0 (D.33)

The root of (D.31) an now easily be determined by a suitable numerial method

(Newton).

D.7 Limitations

The only non-numerial limitations of this parameterization are:

− π/2 < λ < π/2 (D.34)

κ > 0 (D.35)

D.8 The Case of the Absene of the Magneti Field

For the speial ase B = 0 the trajetory beomes a straight line, i.e. κ = 0 and R = ∞.

Care must be taken in the numerial alulation of the parameterization beause of
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the singularity in (D.1) and (D.2). The orret form is:

x(s) = x0 − sh cosλ sin Φ0 (D.36)

y(s) = y0 + sh cosλ cos Φ0 (D.37)

z(s) = z0 + s sinλ (D.38)

Important: For B = 0 the sense of rotation is ill de�ned. All what matters is that

Φ0 = Ψ − hπ/2 is done orretly, i.e. with the same arbitrary h. In the following we

assume h = +1 for onveniene then (D.14) reads as:

s′ =
1

cosλ
[(yi − y0) cos Φ0 − (xi − x0) sin Φ0] (D.39)

Finally (D.16) an now be solved analytially.

dMda
i

ds
= 0 (D.40)

yielding

sda = cosλ cos Φ0(yi − y0) − cosλ sin Φ0(xi − x0) + sinλ(zi − z0) (D.41)

The solution for the intersetion with a ylinder (D.28) now reads:

s1/2 = cos2 λ{x0 cosλ sin Φ0 − y0 cosλ cos Φ0 ±
[− cos2 λ(2x0 cos Φ0y0 sin Φ0 − ρ2 + y2

0 − y2
0

cos2 Φ0 + x2
0 cos2 Φ0)]

1/2} (D.42)

The same holds for the intersetion of a helix with a plane where in the ase of zero

urvature, (D.31) an then be solved analytially.

s′ =
~r · ~n− ~o · ~n

−nx cosλ sin Φ0 + ny cosλ cos Φ0 + nz sinλ
(D.43)



Appendix E
Primary and Global Traks

E.1 Trak Fitting

In the xy plane the helix projetion is represented by an ar of a irle. In any of the

planes parallel to the z-axis, the trak trajetory is a setion of a sinusoidal urve. A

high pt trak (e.g. for pt > 3 GeV/c) has a relatively small urvature (Appendix B.2).

Traks with lower pt (whih are a majority of those seen in STAR) are visibly urved.

At this point the traks found by the traking algorithm (all alled global traks, as

no information other than their TPC hits is used in the trak �nding). The traks are

re�tted using a Kalman �lter algorithm [Lisa 96℄. The trak passes through the Kalman

�lter three times. In the �rst pass, the alulation of the proximity of the points to

the �tted urve is performed. On the seond pass, all the distortions due to the �eld

non-uniformities, the average energy loss and the multiple sattering of the eletrons

in the material are taken into aount. Finally, on the third pass of the �tter, the trak

is smoothed and the �t is used to alulate the optimal partile trajetory. This means

that the trak's �t points inlude an extra hit, the primary vertex. In addition, the

STAR software labels the trak as primary if the distane of losest approah (DCA) of

the traks to the primary vertex is less than DCA<3 cm. The main di�erene between

global and primary traks is the usage of primary vertex as measurement in the trak

parameter �t. The global traks don't use the vertex position in �t [Pruneau 03℄.
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Appendix F
SSD p and n Side

F.1 Introdution

We present the results of signal and noise for a given ladder and the set of wafers for the

SSD of the low multipliity run 8120057 of Au+Au at
√

snn = 200 GeV. A desription

of the detetor an be found at Setion 2.10. We examine 1000 events and the detetor

raw hits plot an be seen in Figure F.1 both in three dimensions (3D, STAR Global

oordinates) and beam view (2D).
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Fig. F.1: 3D (left) and 2D (right) depition of SSD raw hits in global STAR oordinates

{xg, yg, zg} and for 1000 events of run 8120057 of Au+Au at
√
snn = 200GeV.

F.2 Signal and Noise vs. the Strip Number for the

Seleted Wafers

Conerning the ase of ladder 03, both sides (n and p) and for the wafers: {5, 6, 8, 9 and 10}
the signal of eah strip (in ADC units) is depited in Figure F.2 (in green dots) along
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with the noise (in blak errors bars).
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Fig. F.2: Fired strips (green) along with noise for every strip (blak errors bars), for ladder 3 and

wafers: {5, 6, 8, 9 and 10}, for the p (left) and n (right) side. Data is taken from 1 event

of the low luminosity run 8120057, Au+Au at
√
snn = 200GeV (run VII).
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F.3 Noise Distribution for the Seleted Wafers

For the total of 1000 events olleted during run 8120057, we present the noise distri-

bution for the 5,6,8,9 and 10 wafers of ladder 3 in Figures F.3.
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Fig. F.3: Overall noise distribution for wafers {5, 6, 8, 9 and 10} belonging to ladder 3, for both sides

p (left) and n (right). The n side exhibits more noisy behavior ompared to the p side. The
data is olleted from 1000 events of the low luminosity run 8120057, Au+Au at

√
snn =

200GeV (run VII).
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Index

StHelix, 205

TSpetrum, 181

regula falsi, 208

AGS, 6, 23, 198

asymptoti freedom, 4

atom

pentavalent, 34

trivalent, 35

Azimuthal orrelation

probe side, 19

trigger side, 19

BBC, 32

beam halo, 32

Bethe-Bloh, 42

Bjorken, 7, 16

BNL, 17

Booster, 23

bottomonium, 10

BRAHMS, 27

alorimetry, 48

BEMC, 49, 65

distane of ell to trak, 70

towers, 16

BPRS, 50

BSMD, 52

EEMC, 48

EPSD, 49

ESMD, 49

shower

eletromagneti, 68

hadroni, 68

harmonium, 10, 17

Cherenkov, 27, 28

hiral symmetry, 13

CMOS, 57

CMS, 195, 196

ollisional energy density, 16

olor

fators, 3

otet, 3

singlet, 2

oplanarity, 87

COSTAR, 41

CTB, 33

DAQ1000, 58

da, 187, 207

da between helies

see da, 208

dead-one e�et, 17

de�etion angle, 92

dileptons, 12

Drell-Yan, 12

drift hambers, 28

drift veloity, 47

EEMC, 48

e�etive harge, 42

eletron

bremsstrahlung, 42
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non photoni, 187

disrimination, 68

partile identi�ation of, 66

photoni, 71

FGT, 53

FMS, 52

FONLL, 163

freeze-out

hemial, 12

kineti, 11

thermal, 12

FTPC, 47

Glauber model, 13, 63

gluon, 1

bremsstrahlung, 10, 17

Gottfried-Jakson, 195

helix, 83

dip angle, 83

path length, 205

phase, 206

HFT, 57

impat parameter, 33

intrinsi resolution, 39

ionization, 42

gas, 43

isotropi deay, 199

IST, 57

jet quenhing, 10, 187

Kalman �lter, 29, 213

kapton, 41, 71

LHC, 198

Lina, 23

luminosity, 17

Markov

hain, 181

proess, 181

MCS, 92

meson

bottom

Υ, 10
harmed

J/ψ, 10
D0, 61

neutral

π0, 48

vetor

deay of, 56

mirovertexing, 83

MinuitVF, 59

MIP, 39, 46, 49

MRPC, 54, 56

MTD, 56

multipliity

of neutrons, 31

in ollisions of

Au+Au, 63

Cu+Cu, 63

d+Au, 63

p+p, 63

muon

arms, 28

bremsstrahlung, 56

identi�er, 28

spetrometers, 28

traker, 28

MWPC, 43, 52

Nulear Modi�ation Fator, 13

P10, 44

parton, 7

PHENIX, 28

PHOBOS, 25

photon

γ disrimination, 48

diret, 11
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pile up, 45, 59

PMT, 57

PPV, 59

pseudo-random numbers, 199, 204

pseudorapidity, 15

pVPD, 57

QCD, 1

in lattie, 6

Lagrangian, 2

phase diagram of, 6

QGP, 9

quark, 1

bottom, 19

harm, 17, 19

ondensate, 13

on�nement, 3

deon�nement, 6, see asymptoti free-

dom

energy loss, 187

fragmentation, 19

strange, 10

enhanement of, 10

rapidity, 15

RHIC, 6, 17, 23, 198

ROOT, 181

Running Coupling Constant, 3

sagitta, 92, 200

semiondutor

doping, 34

n-type, 35

p-type, 35

gap band, 34

pn juntion, 36

priniple, 33

valene band, 33

siberian snakes, 23

Silion Detetors, see SVT and SSD

SIS, 6

SMD, 68

spinor, 2

SPS, 6, 198

SSD, 39

Cluster Finder

Novel, 182

Standard, 181

Cluster reonstrution, 182

pulser, 42

STAR, 29

Trigger Levels, 30

stopping power, 37

SVT, 38

Tandem, 23

TOF, 25, 27, 54

TPC, 27, 43

laser, 46

traks

urvature, 83, 205

dip angle, 205

global, 84, 89, 149, 161, 167, 213

primary, 89, 161, 172, 213

split, 64

transverse

energy, 16

mass, 16

momentum, 16

Van de Graa�, 23

WLS, 50

Woods-Saxon, 13

ZDC, 31

zero suppression, 179
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Glossary

AGS Alternate Gradient Synhrotron (at BNL)

ALICE A Large Ion Collider Experiment (at CERN)

ATR AGS to RHIC

BBC Beam Beam Counters

BEMC Barrel Eletromagneti Calorimeter

BNL Brookhaven National Laboratory

BPRS Barrel Pre Shower Detetor

BR Branhing Ratio

BRAHMS Broad Range Hadron Magneti Spetrometer (at BNL)

Bremsstrahlung Emission of radiation due to the aeleration of harged partiles

BSMD Barrel Shower Maximum Detetor

CERN Centre Europ�een pour la Reherhe Nul�eaire�European Organisation for Nu-

lear Researh

CMOS Complementary Metal Oxide Semiondutor

CMS Center of Mass System

COSTAR Control for STAR�Monitors the low and high voltage of the SSD

CTB Central Trigger Barrel

DAQ Data Aquisition
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DC Drift Chamber

DCA Distane of Closest Approah

DESY Deutshes Elektronen Synhrotron�German Eletron Synhrotron

EBIS Eletron Beam Ion Soure

EEMC Endap Eletromagneti Calorimeter

EPRS Endap Pre Shower Detetor

ESMD Endap Shower Maximum Detetor

FEE Front End Eletronis

FGT Forward GEM Traker

FMS Forward Meson Spetrometer

FONLL Fixed Order Next to Leading Log

FTPC Forward Time Projetion Chamber

GEANT Geometry and Traking�Detetor desription and simulation tool

GEM Gas Eletron Multiplier

Gluons Exhange partiles that arry the strong fore between the nulear onstituents

GSI Gesellshaft f�ur Shwerionenforshung�Heavy ion researh enter

HBT Hanbury-Brown and Twiss (used for partile orrelation funtion)

HFT Heavy Flavor Traker

IEEE Institute of Eletrial and Eletronis Engineers

IST Intermediate Strip Traker

ITTF Integrated Traker Tast Fore

LHC Large Hadron Collider (at CERN)

LINAC Linear Aelerator

Loopers Low-momentum harged partiles that url inside the volume of the TPC
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LS Like Sign (for partile pairs)

MARS Modular Array for RHIC spetrosopy (at BNL)

MCS Multiple Coulomb Sattering

Miro Vertexing Method for the alulation of the position of the seondary vertex

MINUIT A physis analysis tool for funtion minimization

MIP Minimum Ionizing Partile

MRPC Multi Resistive Plate Chamber

MRS Mid Rapidity Spetrometer

MTD Muon Telesope Detetor

MWPC Multi Wire Proportional Chamber

NIM Nulear Instruments and Methods

NLO Next to Leading Order

NMF Nulear Modi�ation Fator

NPE Non Photoni Eletrons

P-10 Gas mixture of Ar and CH4 in a 90 : 10 proportion used in the STAR TPC

Partons A quark or a gluon inside the hadron

PDG Partile Data Group

PHENIX Pioneering High Energy Nulear Interation Experiment (at BNL)

PID Partile Identi�ation

Pith The distane between two onseutive detetion modules

PMD Photon Multipliity Detetor

PMT Photo Multipliers Tubes

PPV Proton Proton Vertex

PRS Pre Shower Detetor
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PV Primary Vertex

PVD Pseudo Vertex Detetor

PWG Physis Working Group

PYTHIA Simulation program for the generation of high-energy physis events

QA Quality Assurane

QCD Quantum Chromodynamis

QGP Quark Gluon Plasma

Quarks Elementary onstituents of nulear matter

RDO Read Out (for boards)

RHIC Relativisti Heavy Ion Collider (at BNL)

RICH Ring Imaging Cherenkov (Detetor)

ROOT An objet oriented framework for large sale data analysis

SIS Shwerionensynhrotron (at GSI)

SMD Shower Maximum Detetor

SPS Super Proton Synhrotron (at CERN)

SSD Silion Strip Detetor

STAR Solenoid Traker at RHIC (at BNL)

STARSIM Dediated Simulation Pakage for the STAR experiment

SVT Silion Vertex Traker

TOF Time of Flight

TPC Time Projetion Chamber

ULS Unlike Sign (for partile pairs)

VPD Vertex Position Detetor

WLS Wave Length Shifting (for �ber)

ZDC Zero Degree Calorimeter

Zero Suppression Subtration of the pedestal from the signal
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